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Abstract

Animatedmosaicsare a traditional form of stop-motionanimationcreatedby arrangingand rearrangingsmall
objectsor tiles from frameto frame While this animationstyleis uniquelycompelling the traditional process
of manuallyplacing and thenmoving tiles in ead frameis time-consumingind labourious. Recentwork has
proposedalgorithmsfor static mosaics,but geneating tempoally coheent mosaicanimationshas remained
open.In addition, previoustechniquesfor tempoal coheenceallow non-photoealistic primitivesto layer, blend,
deform,or scale techniquesthat are unsuitablefor mosaicanimations.This paper presentsa new approac
to temporl coheence and applies this to build a methodfor creating mosaic animations.Speci cally, we
characterizetempoal coheenceasthe coordinatedmovemenbf groupsof primitives.We describea systenfor
achieving this coordinatedmovemento createtempoally coheentgeometricpadkingsof 2D shapesver time
We alsoshowhowto createstaticmosaicscomprisedf differenttile shapesisingarea-baseaentoidal Voronoi

diagrams.

CategoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.7 [ComputerGraphics]:Animation

1. Intr oduction

Mosaic imagery is as ancientas tiled Roman baths and
Byzantineiconograply, andits forms vary from traditional
(e.g.Islamic patterns}o modern(e.g.photomosaics) Ani-

matedmosaicsareatraditionalform of stop-motionanima-
tion createdby arrangingand rearrangingsmall objectsor

tilesfrom frameto frame.For example theOscarnominated
short Im “Bead Game”was painstakinglycreatedby Ishu

Patelwho manuallypacled thousand®f glassbeadsinto a

variety of con gurationsfor eachframe.

While this animationstyle is uniquely compelling, the
traditional processof manually placing and then maoving
piecesfrom frameto frameis time-consumingandlabouri-
ous.In addition,makingsmallchangeso correctorimprove
acompletedsequencessentiallymeansxactly reconstruct-
ing andre-shootingthe sequencdrom the point of change
onwards.Finally, creatinganimatedmosaicsof certainob-
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jects(e.g.wriggling sh) is not easilypossibleevenif the
ideais aestheticallyappealing.

Creatingmosaicanimationonthecomputeiis anolbvious
solution. Sequencesan easily be saved off, reloaded and
twealed, helpingthe animatorachieve betterresultsin less
time. However, the fundamentabnd mosttime-consuming
activity, optimally packingobjectsto Il adesiredshapeijs a
well-studiedproblemin computersciencevhosegenerako-
lution is known to be hard.While recentwork hasaddressed
packingfor staticmosaicsthesolutionspresentedio notad-
dressissuegelevantto creatingindividual framesaspart of
atemporallycoheren@animationsequencen addition,pre-
vious techniquedor animatednon-photorealisticendering
(NPR)have allowedNPR primitivesto layer, blend,deform,
or scaleas part of achieving temporalcoherenceManipu-
lating mosaictiles in ary of thesefashiondgs not faithful to
eitherthe staticdecoratve mosaicstyle or the stop-motion
animatedstyle. Therefore new techniquedor temporalco-
herencaareneeded.

This paperpresentsa new approachto temporalcoher
enceandappliesthis to createmosaicanimations.Speci -
cally, we characterizéemporalcoherencasthecoordinated
movementof groupsof primitives.We describea systemfor
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achieving this coordinatednovementto producetemporally
coherentgeometricpackingsof 2D shapesover time. We
also shav how to createstatic mosaicscomprisedof dif-

ferenttile shapeausing area-basedentroidalVVoronoi dia-
grams We believe our approacHreesthis uniquelybeautiful
animationstyle from its currentphysical limitations while

still giving artistsexpressve power.

Theremainderof this paperis organizedasfollows: Sec-
tion 2 discusseselatedwork, while Section3 presentsa
discussiomf temporalcoherenceand how the coordinated
motion of NPR primitives can be usedto achiese tempo-
rally coherentanimationsSection4 formalizesthe problem
of animatedmosaicpackingand presentsa solutionto this
problemusing the group motion of tiles. Then, Section5
describeghe detailsof our systemimplementationFinally,
Section6 shavsresultsof ourapproachandin Section7 we
discusssomeconclusionsandopportunitiesor futurework.

2. RelatedWork

This paperis naturallyrelatedto prior work bothin NPRan-
imationandin the creationof staticmosaicimagery How-
ever, we postponethe discussionof NPR animationuntil
Section3, which discussesssuegelatedto temporalcoher
encein moredepth.

Our work builds upon previous researclregarding static
NPR mosaicsHausneifHau0] takesasinput a rectangu-
lar imageand, using a point-basedcentroidalVVoronoi dia-
gram (CVD), generates mosaiccomposedf rectangular
or oval tiles, Figure 1(a). Hausneralso discussesnethods
for tile orientationwhich were extendedby Elber and Wol-
beig [EWO0J to betteremphasizecontours.Jigsav Image
Mosaics(JIM) by Kim and Pellacini[KP0Z introduceda
generafframework for staticmosaicproblemsby de ning a
metricthatmeasureghe quality of atile packing.Usingthis
metric,Kim andPellacinisearctor alow enegy con gura-
tion of optionally deformabletiles (sampledrom a library)
to reproducea target image that has beensegmentedinto
disjoint containersBoth the tiles and containerscanbe ar
bitrarily shaped(SeeFigure 1(b); only contoursareshavn
for comparatie purposes.)

Our work, Figure1(c), extends[Hau01, KP0Z to anima-
tion by proposinga new characterizatiorof temporalco-
herenceapplicableto mosaicanimationsand then demon-
stratingmethodsfor achieving this temporalcoherencehat
corverge rapidly enoughto supportan interactve system
for creatinganimations Our useof a centroidalarea-based
Voronoi diagram(CAVD) extendsHausners work to sup-
port multiple, arbitrarily-shapediles, even within the same
packing,while still achieving rapid corvergenceto gener
atepackingsquickly. Further thistechniquesupportsframe-
to-frameincrementalpackingoptimizationsto re ect con-
tainerchangesallowing the artist to (optionally) ne-tune
eachframe's packingwhile still achieving temporallycoher
entresults.Like JIM, we take asinput a setof arbitrarily

(a)Hausner

Figure 1: A comparisonof tile shapespositionsand ori-
entations Hausners appmoach (a) padksa singletile shape
well. JIM (b) achievestight padkingswith irregular shapes.
The CAY/D appmoad (c) handlesany variety of arbitrary
shapes(Seeblack areas.)

shapedcontainerdo be pacledwith arbitrarily shapediles.
However, our approachpacksmore quickly than JIM and
with anartist-speci eddistribution of tile shapesnhotanop-
timizedsubsethatyieldsthedensespacking.(JIM achiees
very tight packings but is biasedagainsttiles thatmake the
restof the containerdif cult to pack.)

Hoff et al. [HKL 99, MWD97] describethe hardware-
acceleratedmplementatiorof area-basetforonoidiagrams
that we use. Secord [Sec02 uses weighted centroidal
Voronoi diagramsto generatestatic stipple dravings com-
posedof dots,while Hiller etal. [HHDO3] usesa CAVD to
distributemultiple stippleprimitives(points,lines,andpoly-
gons) Hiller etal. proposedhatCAVDs mightalsoimprove
static mosaicpackingalgorithms.However, to our knowl-
edge,our paperdescribeghe rst investigation of thisidea.
Our systemfor achieving temporally coherentmosaican-
imationscan be modi ed to work with any packingalgo-
rithm, with potentialtrade-ofs in tile-distribution control,
speedandperframe ne-tuning.

Finally, as examplesof other visually distinct forms of
mosaicedmagery readersaareencouragedo seeimageand
video mosaics[SH97, FR98 KGFC0Z and Escherization
[KS0Q.

3. Temporal Coherenceand Group Motion

Existing techniquedor achiesing temporallycoherentani-
mationof NPRprimitives(e.g.paintstrokesor hatchmarks)
sharea commongoal of trying to minimize temporaldis-
continuitieswhile having primitives appearattachedo un-
derlying sceneobjects.Speci ¢ examplesof unwantedarti-
factsinclude frequent,noticeableappearancer disappear
anceof primitives(“pops”), or rapid, noisy changesn indi-
vidual primitives' position,size,orientation or colour Com-
mon themesin creatingtemporally coherentNPR anima-
tions aretying the motion of NPR primitivesto anunderly-
ing geometryeitherdirectly[Mei96] orindirectlyvia optical
ow [Lit97,HPOQKSFCO03; warpingNPRimagery[LW94,
HPO(Q in orderto smoothlytransitionbetweerframes;and
blendingin or growing in strokes, hatch marks, or other
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NPR primitives[KMN 99, KLK 00, PHWF01 KDMFO03].
Of speci c interest,Ding [Din02] appliedHausners static
mosaic approachto animation by gradually growing in,
shrinking,or memgingsquardilesto reducepopping.Finally,
Klein etal. [KSFC0J alsosuggessmoothingattributesover
aprimitive's temporallifetime.

Our obsenationis thatevenif individual primitiveshave
temporalsmoothnesgjncoordinate@éhangesmonggroups
of NPRprimitiveswill still yield distracting,incoherentni-
mations.Imaginea rectangulaarrangementf mosaictiles.
If eachtile's positionmaovessmoothlybut independentlyof
the othersfrom frameto frame,theresultinganimationsug-
geststhe uncoordinateanovementof individual objects.In
contrastjf all tiles move smoothlyandin thesamedirection,
this suggesta single moving rectangle Our obsenation is
supportedoy the Gestaltlaws of perceptionZak97 which
statethat humanssegmenta sceneby groupingindividual
entitiesaccordingto sharedjualitiesandbehaiours.

Previoustechniquegor temporalcoherencelo notspecif-
ically tamget group motion or perceptualgroupingof NPR
primitives. Moreover, for animatedmosaics,stylistic con-
siderationgrecludedirectuseof theseprevioustechniques.
Allowing tiles to layer, blend,deform,or scale(acceptable
underpreviousapproaches} notfaithful to eitherthe static
decoratve mosaicstyle or the stop-motionanimatedstyle.
While theremay be bene ts to allowing thesetypesof op-
erationsundercertaincircumstancespur belief is that this
shouldbe an artistic choice,not an artifact of algorithmic
limitations.

Therefore,we presenta new solution for temporalco-
herencethat respectsthe constraintsof the animatedmo-
saic style while achiezing group motion of tiles. Our sys-
tem achieves the desired perceptualgrouping of primi-
tives through cohesve motion that maintainstile orienta-
tion and spacing,promotesgroup tile movement,and en-
couragesheperceptuatompletionof containeoundaries.
This new solutionmostcloselyresembleshatof Kalninset
al. [KDMFO03]. Their paperoutlinesanimportanttradeof:
tying strokes directly to 3D geometryprevents swimming
alongsilhouettesand creasesbut doesyield uniform spac-
ing andsizein screenspace Corversely a uniform param-
eterizationin screerspacedoesnot yield the desiredcoher
encealong1D silhouettesOur work alsoseekgo maintain
strokes(in this casdiles) of constansizeanddensity but on
2D containershapesasdiscussedn the next section.

4, Construction of a Mosaic Animation

Ourgoalis to createananimatednosaic— atemporallyco-
herentsequencef mosaicimagesover time. Speci cally,
givena containerC (a closedpolygonover time) anda col-
lectionof tile shapesopur systemshouldchoosea setof tiles
T (calleda pading of C), while addressinghe following
threechallenges:

¢ TheEurographic#ssociation2005.
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Initial Packing

Final Animation

Input Containers Coherent Packing

Figure 2: Processoverviev: after ead containeris coher
ently paded over a sequenceof frames,all padkings are
compositedogetherfor the nal animation.

Temporal coherencetiles should move smoothly over

time, appearnattachedo their underlyingobject,andtile

appearancesr disappearance$pops”) shouldbe mini-

mized.

Stylistic coherencéi.e. perframemosaicquality): atary

time, C's packing should be composedof tiles that are
evenly distributed,tightly paclked with minimal overlaps,
andwhoseorientationsre ect the edgesof the container
shapgdHau01 KP0Z.

Performancein orderto supportinput from theanimator
the rst two propertieshouldbeachievedasinteractiely

aspossible.

Note the conict betweenall three goals. Independently
packingeachframewill leadto high perframemosaicqual-

ity, but at the costof distractingtemporalartifactssuchas

tile popping,jostling, or jitter. Cornversely very smooth,co-

herenttile movementsmay not yield pleasingindividual

mosaics.Additionally, performancerequirementdimit the

amountof time thatcanbe spentoptimizingeitherfor pack-

ing quality or temporalcoherence.

We presenta solutionthat resolesthesecon icts. At a
high level, our systemproceedsn the stepsshavn in Fig-
ure 2. We take asinputananimatedscenerepresentedsa
collectionof 2D containergi.e. polygons).For agivencon-
tainer the animatorpicks the desiredtile shapesandsizes,
andthenpacksthe containers rst frameusingour system.
Next, we generatehe remainingframesof the containers
packingin a sequential alternatingtwo-stepprocess:rst,
our systemautomaticallyadvectsthe containers tiles from
the currentframe to the next in a mannerthat promotes
temporalcoherenceThen,in the new frame, the animator
optionally insertsnew tiles andre nes the currentpacking
to re ect containerchangesAfter all containersarepacked
throughtheentiresequencehe nal framescanberendered
with either2D polygonaltiles or 3D tiles usingcommercial
modelingandrenderingsoftware.

We now explain packingandtile movementin more de-
tail.

4.1. Mosaic Packing

The packingprocedurebegins with the randomseedingof
a userspeci ed setof tile shapesnto the rst frameof the
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container Tiles arethen appropriatelyorientedand reposi-
tionedinto anevendistribution over this containerarea.

Tile Orientation

In a staticmosaic,the orientation eld causediles to rein-
force featuresand edgesand createpleasingpatterns.For
mosaicanimations similar containershapesshouldleadto
similar orientation elds, andthe orientation eld mustbe
robust to the small containershapechangesntroducedas
the containedeformsovertime.

JIM [KP0Z preseres containeredgeshy tting tiles
againstboundariesandpreviously placedtiles. The bestori-
entationfor ary tile is the oneresultingin the tightest t,
which visually reinforcescontaineredgesbut doesnot pre-
sene aninternal orientation eld. HausneffHau0] aligns
tiles to a continuousorientation eld basedon featurelines,
while ElberandWolbeig [EWO0J align tiles alongconcen-
tric contourlines to emphasizecontainershape.Finally, a
recentmethodfor generatingstippledravings alignsprimi-
tivesaccordingo avariety of differentorientation elds, in-
cludinga eld generatedrom imagefeaturelines[HHDO3].

We presere the containershapeboundaryby aligning
eachtile with its closestcontaineredge. This approach
stronglyreinforceshe containetoundarypropertiesmain-
tainingbothsharpchangesn orientation(i.e. thecornertiles
in Figure3(b)) andtheappearancef continuousorientation
changd(i.e.thewhitejellybeantilesin Figure1(c)). In addi-
tion, to enabletighter packingsandreduceimageregularity,
eachtile shapemay have a setof equivalentorientations,
i.e. speci c tile rotationswhich areconsideredo be equally
valid alignmentswith the orientation eld. (SeeFigure 3.)
Eachtile's equivalentorientationstays x ed over the tile's
lifetime.

Tile Repositioning

After randomseedingandinitial orientation,we reposition
thetilesinto anevenly distributedarrangementharacteristic
of amosaic.Our methodfor repositioningnustbefastsince
repositionings performedaspartof ourinteractve creation
processlin addition,we wish to usean artist-speci edcol-
lection of arbitrarytile shapedo packa container Finally,
in orderto support ne-tuning as the containershapede-
forms(seeSectiord.2), thepackingsolutionwe usemustbe
amenabldgo smallscale frame-to-framechangesNo single
previous mosaicwork [Hau01 KP02 EW03J satis esall of
theseconstraints.

Our systememploys a generalizationof the centroidal
Voronoi diagram approach as suggestedby Hiller et
al. [HHDO03]. Speci cally, the diagramis a constrainea:en-
troidal areaVoronoidiagram(CAVD) constructedrom aset
of 2D generatingshapesnsteadof generatingpoints The
Voronoiregion of eachgeneratingshapecontainsall points
in spacecloserto thatgeneratingshapehanary otherunder

(a) SingleOrientationTiles (b) EquivalentOrientationTiles

Figure 3: Bothmosaicsshowtrianglesalignedto the orien-
tation eld createdbytheimage boundariesHowever, in (a)
only a singlealignmentwith the orientation eld is valid. In
(b), theartist hasspeci edtwovalid tile alignmentsthereby
enablingthe tiles to padk more tightly while still showing
alignmentto boundaries.

(a) Standard/oronoiDiagram (b) AreaVoronoiDiagram

Figure 4: A comparisonof the standad (point-based)
Voronoidiagram(a)versusan area\Voronoi diagram(b).The
area \oronoi diagram causesvoronoi tiles to more closely
resemblegenenting tile shapesparticularly with concave
tiles, leadingto betterpadings.

the Euclideandistancemetric,andeachgeneratingshapes

mass-centeredithin its Voronoiregion. Theentirediagram
is constrainedyy the boundaryof the containershape The

resultof the constrainedCAVD approachis thattile shapes
arevisually evenly distributedwithin the containershapeas

shavn in Figure4, generatedvith our system.

We incorporatethe orientation eld into the reposition-
ing methodto packthe setof tile shapeswithin the con-
tainer shape.(The orientation eld within a containeris
generatedising the areaVoronoi diagramof the container
shapeedges.)The methodproceedsn the following steps:
Givena setof k tiles placedin the containershapeandori-
entedaccordingto the containershapes orientation eld,
the discretizedareaVoronoidiagram(AVD) constrainedo
thecontainershapds constructedisingHoff'simplementa-
tion [HKL 99]. Lloyd's algorithm[Hau01 HHDO3J] is then
appliedto constructa CAVD by iteratively translatingeach
shapeto the centerof its Voronoi region, reorientingthe
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shapeaccordingto the orientation eld and then recalcu-
lating the AVD. The corvergenceof Lloyd's methodto a
stable CAVD is not proven for shapesin 2D, however in

agreemenwith Hiller etal. [HHDO3], our experienceshov

thatLloyd's corvergesin mostcasesgvenwhenshapese-

orientaccordingto our orientation eld. During our entire
project, Lloyd's failed to corverge in fewer than 10 cases,
all of which involved highly asymmetric,concae and un-

balancedile shapesHowever, evenin thesecases| loyd's

still createdsufciently evenpackingsfor our needs.

Thusthe CAVD enablesusto quickly packa variety of
tile shapeswithin a single containerand provides a direct,
naturalconnectionbetweena tile's shapeandthe resulting
Voronoiregion. Eachtile affectsits local neighbourhooaf
tilesto resultin arealisticpackingandneighbouringilesare
generallyorientedin similar or complementarydirections.
Figure7? illustratespackingsthatresultfrom our method.

4.2. Temporally Coherent Tile Advection

At this point, given a containerpackingin oneframe,tiles

mustbeadwectedto the next framein orderto createour an-
imatedsequenceBecausanoving tiles asa coherengroup
is easyin the casesof containertranslationand rotation,
our systemdecomposea containelC's transformatiorfrom

time t to t+ 1 into translation,rotation, and deformation
stepsandwe concentrat®ur discussioron handlingdefor

mations.

In our systematile centeredat point (x;y) is mappedo
anew point(x+ Dx;y+ Dy) usinga ow eld inferredfrom
the containers behaiour. Theinferenceof this ow eld is
a datainterpolationproblemsinceC's behaiour from time
ttot+ 1 speciesthe ow eld atC's boundarybut not at
theinterior.

Datainterpolationusingweightedcontritutionsfrom all
containerverticesis an obvious solution, but it resultsin a
ow eld unsuitedto our application.Considera uniformly
expandingcontainerfrom oneframeto the next, a continu-
ouslyinterpolatingo w eld wouldcausdilesto move avay
from eachother preventinggroupmovementandincreasing
grout spacebetweenall tiles. This increasen grout space
both decreasethe mosaicquality and makesit impossible
to addnew tiles without displacingcurrentonesuntil grout
patchesfford enoughspace(SeeFigure5(b).) At thispoint,
manynew tiles would popin at multiple locationsdispersed
throughthe container a distractingartifact. (Ding [Din02]
addressethis problemby allowing tilesto shrinkandgrow.)

Fromourexample we canmake anotheimportantobser
vation regarding coherencepoppingin a singletile is less
noticeablethanpoppingin multiple tiles, especiallyat mul-
tiple locations.This obsenration, like that regarding group
motionin Section3, is consistentwith the Gestaltlaws of
perception Similar locationandcloseproximity of inserted
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Figure 5: Different ow eld inferencemethoddor tile ad-
vectionillustrated with a uniform containerscale (a) The
initial containerpading. (b) showsthe effectsof continu-
ousinterpolation.Evenwith theincreasedyrout, there is no
placeto insertnew tiles. In contrast,anchor point mapping
(c) createsspacefor new tiles (white) aroundthe boundary
of existingtiles. (Thecontainers upperleft cornerwascho-
senas the anchor point.) Neaest-edg mapping (d), also
concentatesnew space but at the containercenter

tiles encourageperceptualgrouping so that the mary in-
sertionsare perceved asonesingleinsertion.Therefore,in
additionto groupmovementof tiles, agoalfor our systems
groupinsertionof tiles. With thesemotivations,we propose
two approachefor handlingtile movementduringcontainer
deformations.

Our rst techniqueis andhor-point mapping.The exist-
ing arrangementf tilesis relocatedbasedn the movement
of a single point, eithera containervertex or the container
centroid.This relocationis equivalentto a grouptranslation
and/orrotation,resultingin cohesie, smoothmavementfor
all existingtiles. Anchorpointmappingwill generallycause
insertionsor deletionsto happeronly attheboundaryof the
existing body of tiles becaus¢herelative spacingof thetiles
is x edandthuscannotcausenternalgapsor overlapsto de-
velop. (SeeFigure 5(c).) Therefore,anchorpoint mapping
is usefulwhen preservinga packings interior organization
from frameto frameis of primaryimportanceo the anima-
tor. Our systemautomaticallychoosesheanchomointto be
the containervertex or containercentroidwith the smallest
displacemenibetweerthetwo frameshowevertheanimator
may chooseary speci ¢ anchorpointif desired.

Oursecondechniguds neaest-edg mapping a stylistic
alternatve when an animatorwishesto presere the pack-
ing boundaryinsteadof the interior. For eachtile, we note
its x andy offsets(in pixels)from the closestcontaineredge
attimet, andmapit to the sameoffsetsattimet+ 1. For
our application,nearest-edgenapping(Figure 5(d)) sacri-
ces ow eld continuity for improvedtemporalcoherence
in two signi cant ways. First, tiles along containeredges
move together promoting group movementalong features
wherewe arelikely to look. Secondpbsenre thatasa con-
tainers perimeterincreasedinearly, the internal areain-
creasesjuadraticallyNearesedgemappingensureshatin-
terior tiles move away from the centeras a containerin-
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(a) compositingafterpacking(b) compositingoeforepacking

Figure 6: Containercompositing (The original containes
areinsetin (a).) Circledareasshowhowcompositingpefore
padking (b) allowsbadkgroundtilesto align themselvewith
theborder of theforegroundcontainer

creasesn size. This causesnen spaceto accretein the
center enablingnew tile insertionwithout rearrangingex-

isting tiles. Sinceabsolutepositioningis used,during con-
tainercontractionseighbouringiles will overlap(andthus
be removed) at the centerof the containerIn extremecon-
tainercontractionsthe tiles furthestfrom the edges(i.e. at
thecenterjaremappedutsideof thecontainelandtherefore
deleted.

The two techniquesdescribedabove deliver coherent
group movementand minimize the distractionof tile pop-
ping by spatially concentratingdile insertionsand deletion.
Using thesetechniqueswe ad\ect existing tiles from one
frameto the next accordingto the containers ow eld. At
thenext frame,werenderthetile shapesandusepixel-space
algorithmsto checkif tiles shouldbe insertedor removed
dueto gapsor overlaps. New tiles areinsertedin areasof
openspacepriented andthenmovedaccordingo a CAVD,
keepingall othertiles x ed.A usefulpropertyof the CAVD
algorithmis thatwhenapackingis closeto astablepoint,the
tile movementbetweeriterationsis small. After positioning
new tiles, we exploit this propertyin anoptional ne-tuning
stepto adjusttile spacingby runninga smallnumber(gen-
erally 10 or fewer) of CAVD iterationson all tiles within a
container The speedf the CAVD iterationsalongwith this

ne-tuning propertymale the CAVD well-suitedto our ap-
plication.

5. SystemDetails
Container Speci cation

In our systemscenecontainersarespeci edasscalablevec-
tor graphics(SVG) animations.SVG is a human-readable
formatfor describing2D graphicsn XML andenablesasy
speci cation of vectorgraphicshapesandanimations(See
http:  //lwww.w3.09/TR/SMG/ for more information.) Us-
ing a graphicalSVG editor (we choseCorel WebDraw), an
artist draws and animatesa scene.Our systemthen reads

in the SVG source translatingsceneelementsnto coloured
containershapes(i.e. collectionsof orderedpoints). Our
SVG parseralso automatically extracts each containers
transformatiormatrices(for af ne transformations)point-
to-point perimetercorrespondencedor arbitrary container
deformations)andthe startandendtimesfor eachanimated
transformationWe generallysamplethe SVG animationsat
8to 15framespersecondinterpolatingthe containewalues
ateachof thesesamplepoints.

Using SVG to specify the animationallows the artist to
easily createanimatedsceneswith readily available GUI
tools, while providing our systemwith the necessarynfor-
mation regarding containerbehaiour (i.e. containertrans-
formationsandperimetempoint correspondencesjiowever,
our systemcanuseary kind of containerand ow eld such
asvideo with point correspondencesroundsegmentedre-
gions[AHSS04WXSC04 or videowith optical o w. In the
videoaccompaning this paperwe shav asequencereated
using containersrom segmentedvideo with point-to-point
correspondencesanuallyestablishec&roundsegmentbor
ders.

A remainingissueis handlingcontainemverlaps.Ourde-
fault modeis to compositeoverlapping containershefore
packing. This changesthe shapeof the backgroundcon-
tainer therebyenablingtilesin the packed backgroundtcon-
tainer to align themseles with the border of an overlap-
ping foregroundcontainer(Figure 6(b)). As an alternatve,
compositingcan be performedafter packing.In this case,
containersarerenderedackto front, eithertreatingpacked
containerbeingtreatedasa single,solid objectwith a grout
backgroundFigure 6(a)), or letting tiles peekthrough(the
sunin Figure7(c)).

Packing

Giventhetemporallysampledcontainerstheartistindepen-
dently packseachas follows: First, the artist chooseshe
setof shapego be usedfor packingandthe numberof de-
siredtiles. Basedon thesefactors the systemcalculateghe
tile sizesfor eachshapeto randomlyseedin the container
to achieze maximalcoverage Eachtile is assignedts con-
tainers colour. Alternatively, point- or area-sampling ref-
erencecolourimagecanalsobe used,asin Figure7(b). As
mentionecbefore,we useHoff etal.'s[HKL 99] hardware-
accelerated@nplementatiorof area-basedloronoidiagrams,
andLloyd'salgorithm[Hau01HHDO3] for the CAVD. Like
HausneffHau01, the animatoriteratesuntil satis ed with
the packing.Thetiles arethenadwectedforwardto the next
framebasednthe ow eld asdiscussedh Sectiond. Tiles
thatareadvectedoutsideof a containerareautomaticallyre-
moved.In somecasesthe ow eld maycausdilesto over
lap after adwection;we alsousea brute-forceN? algorithm
to automaticallycheckfor suchoverlappingtilesandremove
themif the overlapexceedsa userspeci ed maximumover
lap threshold.The animatorcanspecifythattiles be added
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Sequence | Numberof Numberof
Containers Frames

Time per Avg. Time
Secondf perContainer
Output(mins) Frame(secs)

YinYang 9 99 9.6 48
WaterPour 5 48 11.25 45
Hula 12 60 3.3 20

Table 1: Sampleiming statisticsfor our sequences.

to the containemanuallyor automaticallyIn thelattercase
werandomlyprobefor areadargeenougtto insertnew tiles.

In both caseshesenewly insertedtiles arethenre-oriented
and pacled while keepingthe placementf the remaining
tiles static. Afterward a few nal, global CAVD iterations
canbe appliedasdescribedn Section4. After packingthe

sequencethe artist canalsoadd noiseto tile positionsand
orientationdor amorehand-craftedook.

6. Results

In this sectionwe discussour results(Figure 7 andaccom-
parying video). Our algorithmis fastenoughto enablein-
teractize designsessionn a 3.2GHz Pentium4 PC with
1GB of RAM and an ATl Radeon9800Prographicscard
with 128MB of videomemory Table 1 shavs packingtimes
of samplesequenced\ote that the Hula, Water Pour and
YinYangsequenceseresampledat 10, 15, and 12 frames
per secondrespectiely. Usually, packingthe rst frameis
the most time consuming,and becauseour tile adwection
methodcausesilesto remainrelatively closelypacledfrom
frame to frame, packing successie framesis faster Our
most comple sequencethe yinyang animation,took ap-
proximately48 secondpercontainefframeon average pri-
marily userinteraction The severe containerdeformations
requiredthe mostuserinteraction(i.e. experimentingwith
anchorpoint versusnearest-edgmappingor testingout au-
tomatic versusmanualtile insertions).However, the user
neverwaitsmorethanafew secondsor ary singlecommand
(i.e. click), andcaneasilytry variouschoicesundo,andtry
somethingdifferent. Therefore we believe our systemen-
ablesartiststo craftanimationseffectively, interactively, and
with satisfyingresults.

Regardingvisual quality, staticimagessuchasthe gold-
sh and the birthday cake showv resultsin which tiles
are evenly distributed, appropriatelyoriented, and tightly
pacled with minimal overlaps,even when using multiple
tile shapeswithin a single container(Figure 7(a)). Further
more,our yinyangsequence&emonstratethat theseattrac-
tive mosaic qualities hold true even during animatedse-
quenceswith severe containerdeformations.The pitcher
and-glassequenceshaws that our systemcanachieve nat-
ural, compellingeffects,suchaspouringwater Also, notice
how containercompositingallows the waterto cutin front
of the backrim of the glasswhile being occludedby the
front rim. Thebullfrog animationusesthe additionof noise
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to suggest rippling pondsurface.The gure descending
staircaseshavs how rotoscopingcanalsobe usedto create
containersleadingto smooth lifelik e animations.

Our hula sequencekFigure 7(c andd), is our mostcom-
plex. A vertical orientation eld wasusedfor the dancers
clothing to bettersuggesta grassskirt (and then mermaid
scales),while orientation elds basedon containeredges
were usedeverywhereelse. Various sized starswere used
to packthe sun/moonfor a handicraftstyle. Differentcon-
tainercompositingeffectswere chosenby the artistin dif-
ferentscendocationstiles from thesunareallowedto peek
throughthetilesin the palmfronds,whereagontainercom-
positing before packing is usedwhen the mermaids tail
blocks the island or the front tree trunk blocks the back
trunk. After packing,the dancingportion of the sequence
was repeatedwice to lengthenthe animation.Finally, we
compositedhe pacled containersvith hand-dravn 2D ele-
mentsfor a mixed-mediaeffect. The nal resultis a jaunty,
dynamicanimation.

7. Conclusionand Futur e Work

We have presenteda novel systemfor animatedmosaics
that meetsthe threechallengef temporalcoherenceper

frame mosaicquality, and performancehat supportsinter

active input from the artist. We appliednew approacheso

temporalcoherencehroughthe coordinatedmovementof

groupsof NPR primitivesto createtemporallycoherenige-
ometricpackingsof 2D shape®ver time. Additionally, we

demonstratethow to createmosaicscomprisedof different
tile shapesisingarea-basedentroidaVoronoidiagrams.

Regardingimprovementdor the currentsystemautomat-
ically detectingtile overlapsand areasfor tile insertions
couldbe madefaster In addition,becauseachtile is given
oneof theequivalentorientationgandomly(i.e.independent
of neighbourindiles), therearestill sub-optimalareasThis
couldbecorrecteckithermanuallyor by having analgorithm
thatpicksatile's equivalentorientationbasedn neighbour
ing tiles.

Perhapsnoreinterestingly the novel techniquegor tem-
poral coherencepresentechere have potentialrelevanceto
other applications,suchas reducingthe needfor warping
andblendingin otherNPRanimationstyles.In addition,we
believe the packingscan be extendedin mary interesting
ways,includingtheuseof animatedr deformabléiles (e.g.
packinga containerwith wriggling sh over time or pack-
ing a 2D shapewith e xible snales),and packing3D vol-
umeswith 3D objects all basedn extensiondo the current
CAVD approachWe also feel the CAVD approachmight
be usedto improve simulationsof pacled formationsand
physically-basedransitionsbetweerthesestatesSuchsim-
ulationscouldbeappliedcrond or ock movementsaswell
aspouringand o wing discreteobjects.
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(a) (©)

© @

Figure 7: Resultsfrom our systemlmages(a) and (b) are static padkings,while (c) and (d) are from an animatedsequence
Observethat pakingsremainevenlyspacedand dense evenwith multipletile shapega) or undercontainerdeformationgc

andd).
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