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Abstract
Animatedmosaicsare a traditional form of stop-motionanimationcreatedby arrangingand rearrangingsmall
objectsor tiles from frameto frame. While this animationstyle is uniquelycompelling, the traditional process
of manuallyplacing and thenmoving tiles in each frameis time-consumingand labourious.Recentwork has
proposedalgorithmsfor static mosaics,but generating temporally coherent mosaicanimationshas remained
open.In addition,previoustechniquesfor temporal coherenceallow non-photorealisticprimitivesto layer, blend,
deform,or scale, techniquesthat are unsuitablefor mosaicanimations.This paper presentsa new approach
to temporal coherenceand applies this to build a methodfor creating mosaicanimations.Speci�cally, we
characterizetemporal coherenceasthecoordinatedmovementof groupsof primitives.We describea systemfor
achieving this coordinatedmovementto createtemporally coherentgeometricpackingsof 2D shapesover time.
We alsoshowhowto createstaticmosaicscomprisedof differenttile shapesusingarea-basedcentroidal Voronoi
diagrams.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Animation

1. Intr oduction

Mosaic imagery is as ancient as tiled Roman baths and
Byzantineiconography, andits forms vary from traditional
(e.g.Islamicpatterns)to modern(e.g.photomosaics).Ani-
matedmosaicsarea traditionalform of stop-motionanima-
tion createdby arrangingandrearrangingsmall objectsor
tilesfrom frameto frame.For example,theOscar-nominated
short�lm “Bead Game”waspainstakinglycreatedby Ishu
Patelwho manuallypacked thousandsof glassbeadsinto a
varietyof con�gurationsfor eachframe.

While this animationstyle is uniquely compelling, the
traditional processof manually placing and then moving
piecesfrom frameto frameis time-consumingandlabouri-
ous.In addition,makingsmallchangesto corrector improve
acompletedsequenceessentiallymeansexactlyreconstruct-
ing andre-shootingthe sequencefrom the point of change
onwards.Finally, creatinganimatedmosaicsof certainob-
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jects(e.g.wriggling �sh) is not easilypossible,even if the
ideais aestheticallyappealing.

Creatingmosaicanimationsonthecomputerisanobvious
solution.Sequencescaneasilybe saved off, reloaded,and
tweaked,helpingthe animatorachieve betterresultsin less
time. However, the fundamentalandmost time-consuming
activity, optimallypackingobjectsto �ll adesiredshape,is a
well-studiedproblemin computersciencewhosegeneralso-
lution is known to behard.While recentwork hasaddressed
packingfor staticmosaics,thesolutionspresenteddonotad-
dressissuesrelevantto creatingindividual framesaspartof
a temporallycoherentanimationsequence.In addition,pre-
vious techniquesfor animatednon-photorealisticrendering
(NPR)haveallowedNPRprimitivesto layer, blend,deform,
or scaleaspart of achieving temporalcoherence.Manipu-
lating mosaictiles in any of thesefashionsis not faithful to
either the staticdecorative mosaicstyle or the stop-motion
animatedstyle.Therefore,new techniquesfor temporalco-
herenceareneeded.

This paperpresentsa new approachto temporalcoher-
enceandappliesthis to createmosaicanimations.Speci�-
cally, wecharacterizetemporalcoherenceasthecoordinated
movementof groupsof primitives.Wedescribeasystemfor
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achieving thiscoordinatedmovementto producetemporally
coherentgeometricpackingsof 2D shapesover time. We
also show how to createstatic mosaicscomprisedof dif-
ferent tile shapesusingarea-basedcentroidalVoronoi dia-
grams.Webelieveourapproachfreesthisuniquelybeautiful
animationstyle from its currentphysical limitations while
still giving artistsexpressivepower.

Theremainderof this paperis organizedasfollows: Sec-
tion 2 discussesrelatedwork, while Section3 presentsa
discussionof temporalcoherenceandhow the coordinated
motion of NPR primitives can be usedto achieve tempo-
rally coherentanimations.Section4 formalizestheproblem
of animatedmosaicpackingandpresentsa solutionto this
problemusing the group motion of tiles. Then, Section5
describesthedetailsof our systemimplementation.Finally,
Section6 showsresultsof ourapproach,andin Section7 we
discusssomeconclusionsandopportunitiesfor futurework.

2. RelatedWork

Thispaperis naturallyrelatedto prior work bothin NPRan-
imation andin the creationof staticmosaicimagery. How-
ever, we postponethe discussionof NPR animationuntil
Section3, which discussesissuesrelatedto temporalcoher-
encein moredepth.

Our work builds uponprevious researchregardingstatic
NPR mosaics.Hausner[Hau01] takesas input a rectangu-
lar imageand,usinga point-basedcentroidalVoronoi dia-
gram(CVD), generatesa mosaiccomposedof rectangular
or oval tiles, Figure 1(a). Hausneralso discussesmethods
for tile orientationwhich wereextendedby ElberandWol-
berg [EW03] to betteremphasizecontours.Jigsaw Image
Mosaics(JIM) by Kim and Pellacini [KP02] introduceda
generalframework for staticmosaicproblemsby de�ning a
metricthatmeasuresthequalityof a tile packing.Usingthis
metric,Kim andPellacinisearchfor a low energy con�gura-
tion of optionallydeformabletiles (sampledfrom a library)
to reproducea target imagethat hasbeensegmentedinto
disjoint containers.Both the tiles andcontainerscanbe ar-
bitrarily shaped.(SeeFigure1(b); only contoursareshown
for comparativepurposes.)

Our work, Figure1(c), extends[Hau01,KP02] to anima-
tion by proposinga new characterizationof temporalco-
herenceapplicableto mosaicanimationsand then demon-
stratingmethodsfor achieving this temporalcoherencethat
converge rapidly enoughto supportan interactive system
for creatinganimations.Our useof a centroidalarea-based
Voronoi diagram(CAVD) extendsHausner's work to sup-
port multiple, arbitrarily-shapedtiles, evenwithin thesame
packing,while still achieving rapid convergenceto gener-
atepackingsquickly. Further, this techniquesupportsframe-
to-frameincrementalpackingoptimizationsto re�ect con-
tainerchanges,allowing the artist to (optionally) �ne-tune
eachframe'spackingwhile still achieving temporallycoher-
ent results.Like JIM, we take as input a set of arbitrarily

(a)Hausner (b) JIM contours (c) Animosaics

Figure 1: A comparisonof tile shapes,positionsand ori-
entations.Hausner's approach (a) packsa singletile shape
well. JIM (b) achievestight packingswith irregular shapes.
The CAVD approach (c) handlesany variety of arbitrary
shapes.(Seeblack areas.)

shapedcontainersto bepackedwith arbitrarily shapedtiles.
However, our approachpacksmore quickly than JIM and
with anartist-speci�eddistributionof tile shapes,notanop-
timizedsubsetthatyieldsthedensestpacking.(JIM achieves
very tight packings,but is biasedagainsttiles thatmake the
restof thecontainerdif�cult to pack.)

Hoff et al. [HKL � 99, MWD97] describethe hardware-
acceleratedimplementationof area-basedVoronoidiagrams
that we use. Secord [Sec02] uses weighted centroidal
Voronoi diagramsto generatestaticstippledrawings com-
posedof dots,while Hiller et al. [HHD03] usesa CAVD to
distributemultiplestippleprimitives(points,lines,andpoly-
gons).Hiller etal. proposedthatCAVDs mightalsoimprove
static mosaicpackingalgorithms.However, to our knowl-
edge,our paperdescribesthe�rst investigationof this idea.
Our systemfor achieving temporallycoherentmosaican-
imationscan be modi�ed to work with any packingalgo-
rithm, with potential trade-offs in tile-distribution control,
speed,andper-frame�ne-tuning.

Finally, as examplesof other visually distinct forms of
mosaicedimagery, readersareencouragedto seeimageand
video mosaics[SH97, FR98, KGFC02] and Escherization
[KS00].

3. Temporal Coherenceand Group Motion

Existing techniquesfor achieving temporallycoherentani-
mationof NPRprimitives(e.g.paintstrokesor hatchmarks)
sharea commongoal of trying to minimize temporaldis-
continuitieswhile having primitivesappearattachedto un-
derlyingsceneobjects.Speci�c examplesof unwantedarti-
factsincludefrequent,noticeableappearanceor disappear-
anceof primitives(“pops”), or rapid,noisychangesin indi-
vidualprimitives'position,size,orientation,or colour. Com-
mon themesin creatingtemporallycoherentNPR anima-
tionsaretying themotionof NPRprimitivesto anunderly-
inggeometry, eitherdirectly[Mei96] or indirectlyviaoptical
�o w [Lit97,HP00,KSFC02]; warpingNPRimagery[LW94,
HP00] in orderto smoothlytransitionbetweenframes;and
blending in or growing in strokes, hatch marks,or other
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NPR primitives [KMN � 99, KLK � 00, PHWF01, KDMF03].
Of speci�c interest,Ding [Din02] appliedHausner's static
mosaic approachto animation by gradually growing in,
shrinking,ormergingsquaretilesto reducepopping.Finally,
Klein etal. [KSFC02] alsosuggestsmoothingattributesover
aprimitive's temporallifetime.

Our observation is thatevenif individual primitiveshave
temporalsmoothness,uncoordinatedchangesamonggroups
of NPRprimitiveswill still yield distracting,incoherentani-
mations.Imaginea rectangulararrangementof mosaictiles.
If eachtile's positionmovessmoothlybut independentlyof
theothersfrom frameto frame,theresultinganimationsug-
geststheuncoordinatedmovementof individual objects.In
contrast,if all tilesmovesmoothlyandin thesamedirection,
this suggestsa singlemoving rectangle.Our observation is
supportedby the Gestaltlaws of perception[Zak97] which
statethat humanssegmenta sceneby groupingindividual
entitiesaccordingto sharedqualitiesandbehaviours.

Previoustechniquesfor temporalcoherencedonotspecif-
ically target group motion or perceptualgroupingof NPR
primitives. Moreover, for animatedmosaics,stylistic con-
siderationsprecludedirectuseof theseprevioustechniques.
Allowing tiles to layer, blend,deform,or scale(acceptable
underpreviousapproaches)is not faithful to eitherthestatic
decorative mosaicstyle or the stop-motionanimatedstyle.
While theremay be bene�ts to allowing thesetypesof op-
erationsundercertaincircumstances,our 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 achieving group motion of tiles. Our sys-
tem achieves the desired perceptualgrouping of primi-
tives through cohesive motion that maintainstile orienta-
tion and spacing,promotesgroup tile movement,and en-
couragestheperceptualcompletionof containerboundaries.
This new solutionmostcloselyresemblesthatof Kalninset
al. [KDMF03]. Their paperoutlinesan importanttradeoff:
tying strokes directly to 3D geometrypreventsswimming
alongsilhouettesandcreases,but doesyield uniform spac-
ing andsizein screenspace.Conversely, a uniform param-
eterizationin screenspacedoesnot yield thedesiredcoher-
encealong1D silhouettes.Our work alsoseeksto maintain
strokes(in thiscasetiles)of constantsizeanddensity, but on
2D containershapes,asdiscussedin thenext section.

4. Construction of a MosaicAnimation

Our goal is to createananimatedmosaic– a temporallyco-
herentsequenceof mosaicimagesover time. Speci�cally,
givena containerC (a closedpolygonover time) anda col-
lectionof tile shapes,oursystemshouldchooseasetof tiles
T (called a packing of C), while addressingthe following
threechallenges:

Input Containers Initial Packing Coherent Packing Final Animation

Figure 2: Processoverview: after each containeris coher-
ently packed over a sequenceof frames,all packings are
compositedtogetherfor the�nal animation.

� Temporal coherence:tiles should move smoothly over
time, appearattachedto their underlyingobject,andtile
appearancesor disappearances(“pops”) shouldbe mini-
mized.

� Stylistic coherence(i.e. per-framemosaicquality): at any
time, C's packingshouldbe composedof tiles that are
evenly distributed,tightly packedwith minimal overlaps,
andwhoseorientationsre�ect the edgesof the container
shape[Hau01,KP02].

� Performance:in orderto supportinput from theanimator,
the�rst two propertiesshouldbeachievedasinteractively
aspossible.

Note the con�ict betweenall three goals. Independently
packingeachframewill leadto highper-framemosaicqual-
ity, but at the costof distractingtemporalartifactssuchas
tile popping,jostling,or jitter. Conversely, very smooth,co-
herent tile movementsmay not yield pleasingindividual
mosaics.Additionally, performancerequirementslimit the
amountof time thatcanbespentoptimizingeitherfor pack-
ing qualityor temporalcoherence.

We presenta solution that resolves thesecon�icts. At a
high level, our systemproceedsin the stepsshown in Fig-
ure 2. We take asinput ananimatedscenerepresentedasa
collectionof 2D containers(i.e. polygons).For a givencon-
tainer, the animatorpicks the desiredtile shapesandsizes,
andthenpacksthecontainer's �rst frameusingour system.
Next, we generatethe remainingframesof the container's
packingin a sequential,alternatingtwo-stepprocess:�rst,
our systemautomaticallyadvectsthe container's tiles from
the current frame to the next in a mannerthat promotes
temporalcoherence.Then, in the new frame,the animator
optionally insertsnew tiles andre�nes the currentpacking
to re�ect containerchanges.After all containersarepacked
throughtheentiresequence,the�nal framescanberendered
with either2D polygonaltiles or 3D tiles usingcommercial
modelingandrenderingsoftware.

We now explain packingandtile movementin morede-
tail.

4.1. MosaicPacking

The packingprocedurebegins with the randomseedingof
a user-speci�ed setof tile shapesinto the �rst frameof the
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container. Tiles arethenappropriatelyorientedandreposi-
tionedinto anevendistributionover this containerarea.

Tile Orientation

In a staticmosaic,the orientation�eld causestiles to rein-
force featuresand edgesand createpleasingpatterns.For
mosaicanimations,similar containershapesshouldleadto
similar orientation�elds, and the orientation�eld mustbe
robust to the small containershapechangesintroducedas
thecontainerdeformsover time.

JIM [KP02] preserves containeredgesby �tting tiles
againstboundariesandpreviouslyplacedtiles.Thebestori-
entationfor any tile is the one resultingin the tightest�t,
which visually reinforcescontaineredgesbut doesnot pre-
serve an internalorientation�eld. Hausner[Hau01] aligns
tiles to a continuousorientation�eld basedon featurelines,
while Elber andWolberg [EW03] align tiles alongconcen-
tric contourlines to emphasizecontainershape.Finally, a
recentmethodfor generatingstippledrawingsalignsprimi-
tivesaccordingto avarietyof differentorientation�elds, in-
cludinga�eld generatedfrom imagefeaturelines[HHD03].

We preserve the containershapeboundaryby aligning
each tile with its closestcontaineredge. This approach
stronglyreinforcesthecontainerboundaryproperties,main-
tainingbothsharpchangesin orientation(i.e. thecornertiles
in Figure3(b)) andtheappearanceof continuousorientation
change(i.e. thewhite jellybeantiles in Figure1(c)). In addi-
tion, to enabletighterpackingsandreduceimageregularity,
eachtile shapemay have a set of equivalentorientations,
i.e. speci�c tile rotationswhichareconsideredto beequally
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 anevenlydistributedarrangementcharacteristic
of amosaic.Ourmethodfor repositioningmustbefastsince
repositioningis performedaspartof our interactivecreation
process.In addition,we wish to usean artist-speci�edcol-
lection of arbitrarytile shapesto packa container. Finally,
in order to support�ne-tuning as the containershapede-
forms(seeSection4.2), thepackingsolutionweusemustbe
amenableto smallscale,frame-to-framechanges.No single
previousmosaicwork [Hau01,KP02,EW03] satis�esall of
theseconstraints.

Our systememploys a generalizationof the centroidal
Voronoi diagram approach as suggestedby Hiller et
al. [HHD03]. Speci�cally, thediagramis a constrainedcen-
troidalareaVoronoidiagram(CAVD) constructedfromaset
of 2D generatingshapesinsteadof generatingpoints. The
Voronoi region of eachgeneratingshapecontainsall points
in spacecloserto thatgeneratingshapethanany otherunder

(a)SingleOrientationTiles (b) EquivalentOrientationTiles

Figure3: Bothmosaicsshowtrianglesalignedto theorien-
tation�eld createdbytheimageboundaries.However, in (a)
onlya singlealignmentwith theorientation�eld is valid. In
(b), theartist hasspeci�edtwovalid tile alignments,thereby
enablingthe tiles to pack more tightly while still showing
alignmentto boundaries.

(a)StandardVoronoiDiagram (b) AreaVoronoiDiagram

Figure 4: A comparisonof the standard (point-based)
Voronoidiagram(a)versusanareaVoronoidiagram(b).The
area Voronoi diagram causesVoronoi tiles to more closely
resemblegenerating tile shapes,particularly with concave
tiles, leadingto betterpackings.

theEuclideandistancemetric,andeachgeneratingshapeis
mass-centeredwithin its Voronoiregion.Theentirediagram
is constrainedby the boundaryof the containershape.The
resultof theconstrainedCAVD approachis that tile shapes
arevisually evenly distributedwithin thecontainershapeas
shown in Figure4, generatedwith oursystem.

We incorporatethe orientation�eld into the reposition-
ing methodto pack the set of tile shapeswithin the con-
tainer shape.(The orientation �eld within a containeris
generatedusing the areaVoronoi diagramof the container
shapeedges.)The methodproceedsin the following steps:
Givena setof k tiles placedin thecontainershapeandori-
entedaccordingto the containershape's orientation�eld,
the discretizedareaVoronoi diagram(AVD) constrainedto
thecontainershapeis constructedusingHoff 's implementa-
tion [HKL � 99]. Lloyd's algorithm[Hau01,HHD03] 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 convergenceof Lloyd's methodto a
stableCAVD is not proven for shapesin 2D, however in
agreementwith Hiller etal. [HHD03], ourexperiencesshow
thatLloyd's convergesin mostcases,evenwhenshapesre-
orient accordingto our orientation�eld. During our entire
project,Lloyd's failed to converge in fewer than10 cases,
all of which involved highly asymmetric,concave andun-
balancedtile shapes.However, even in thesecases,Lloyd's
still createdsuf�ciently evenpackingsfor ourneeds.

Thus the CAVD enablesus to quickly packa variety of
tile shapeswithin a singlecontainerandprovidesa direct,
naturalconnectionbetweena tile's shapeandthe resulting
Voronoi region. Eachtile affectsits local neighbourhoodof
tilesto resultin arealisticpackingandneighbouringtilesare
generallyorientedin similar or complementarydirections.
Figure7 illustratespackingsthatresultfrom ourmethod.

4.2. Temporally Coherent Tile Advection

At this point, given a containerpackingin oneframe,tiles
mustbeadvectedto thenext framein orderto createouran-
imatedsequence.Becausemoving tiles asa coherentgroup
is easyin the casesof containertranslationand rotation,
oursystemdecomposesacontainerC's transformationfrom
time t to t + 1 into translation,rotation, and deformation
steps,andwe concentrateour discussionon handlingdefor-
mations.

In our system,a tile centeredat point (x;y) is mappedto
a new point (x+ Dx;y+ Dy) usinga �o w �eld inferredfrom
thecontainer's behaviour. Theinferenceof this �o w �eld is
a datainterpolationproblemsinceC's behaviour from time
t to t + 1 speci�esthe �o w �eld atC's boundary, but not at
theinterior.

Datainterpolationusingweightedcontributionsfrom all
containerverticesis an obvious solution,but it resultsin a
�o w �eld unsuitedto our application.Considera uniformly
expandingcontainer:from oneframeto thenext, a continu-
ouslyinterpolating�o w �eld wouldcausetilestomoveaway
from eachother, preventinggroupmovementandincreasing
grout spacebetweenall tiles. This increasein grout space
both decreasesthe mosaicquality andmakesit impossible
to addnew tiles without displacingcurrentonesuntil grout
patchesaffordenoughspace.(SeeFigure5(b).)At thispoint,
manynew tiles would popin at multiple locationsdispersed
throughthe container, a distractingartifact. (Ding [Din02]
addressedthisproblemby allowing tilesto shrinkandgrow.)

Fromourexample,wecanmakeanotherimportantobser-
vation regardingcoherence:poppingin a single tile is less
noticeablethanpoppingin multiple tiles, especiallyat mul-
tiple locations.This observation, like that regardinggroup
motion in Section3, is consistentwith the Gestaltlaws of
perception.Similar locationandcloseproximity of inserted

(a) Initial (b) Continuous (c) Anchor- (d) Nearest-
Packing Point Edge

Figure 5: Different �ow �eld inferencemethodsfor tile ad-
vectionillustratedwith a uniform containerscale. (a) The
initial containerpacking. (b) showsthe effectsof continu-
ousinterpolation.Evenwith theincreasedgrout, there is no
placeto insertnew tiles. In contrast,anchor point mapping,
(c) createsspacefor new tiles (white)aroundtheboundary
of existingtiles. (Thecontainer's upperleft cornerwascho-
senas the anchor point.) Nearest-edge mapping, (d), also
concentratesnew space, but at thecontainercenter.

tiles encouragesperceptualgroupingso that the many in-
sertionsareperceivedasonesingleinsertion.Therefore,in
additionto groupmovementof tiles,agoalfor oursystemis
groupinsertionof tiles.With thesemotivations,we propose
two approachesfor handlingtile movementduringcontainer
deformations.

Our �rst techniqueis anchor-point mapping.The exist-
ing arrangementof tiles is relocatedbasedon themovement
of a singlepoint, eithera containervertex or the container
centroid.This relocationis equivalentto a grouptranslation
and/orrotation,resultingin cohesive,smoothmovementfor
all existingtiles.Anchor-pointmappingwill generallycause
insertionsor deletionsto happenonly at theboundaryof the
existingbodyof tilesbecausetherelativespacingof thetiles
is �x edandthuscannotcauseinternalgapsor overlapsto de-
velop. (SeeFigure 5(c).) Therefore,anchor-point mapping
is usefulwhenpreservinga packing's interior organization
from frameto frameis of primaryimportanceto theanima-
tor. Oursystemautomaticallychoosestheanchorpoint to be
the containervertex or containercentroidwith the smallest
displacementbetweenthetwo frames,however theanimator
maychooseany speci�c anchorpoint if desired.

Oursecondtechniqueis nearest-edgemapping,astylistic
alternative whenan animatorwishesto preserve the pack-
ing boundaryinsteadof the interior. For eachtile, we note
its x andy offsets(in pixels)from theclosestcontaineredge
at time t, andmapit to the sameoffsetsat time t + 1. For
our application,nearest-edgemapping(Figure 5(d)) sacri-
�ces �o w �eld continuity for improvedtemporalcoherence
in two signi�cant ways. First, tiles along containeredges
move together, promotinggroup movementalong features
wherewe arelikely to look. Second,observe thatasa con-
tainer's perimeterincreaseslinearly, the internal area in-
creasesquadratically. Nearestedgemappingensuresthatin-
terior tiles move away from the centeras a containerin-
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(a) compositingafterpacking(b) compositingbeforepacking

Figure 6: Containercompositing. (Theoriginal containers
are insetin (a).)Circledareasshowhowcompositingbefore
packing(b) allowsbackgroundtiles to align themselveswith
theborderof theforegroundcontainer.

creasesin size. This causesnew spaceto accretein the
center, enablingnew tile insertionwithout rearrangingex-
isting tiles. Sinceabsolutepositioningis used,during con-
tainercontractionsneighbouringtiles will overlap(andthus
be removed) at thecenterof thecontainer. In extremecon-
tainercontractions,the tiles furthestfrom the edges(i.e. at
thecenter)aremappedoutsideof thecontainerandtherefore
deleted.

The two techniquesdescribedabove deliver coherent
groupmovementandminimize the distractionof tile pop-
ping by spatiallyconcentratingtile insertionsanddeletion.
Using thesetechniques,we advect existing tiles from one
frameto thenext accordingto thecontainer's �o w �eld. At
thenext frame,werenderthetile shapesandusepixel-space
algorithmsto checkif tiles shouldbe insertedor removed
dueto gapsor overlaps. New tiles areinsertedin areasof
openspace,oriented,andthenmovedaccordingto aCAVD,
keepingall othertiles �x ed.A usefulpropertyof theCAVD
algorithmis thatwhenapackingis closeto astablepoint,the
tile movementbetweeniterationsis small.After positioning
new tiles,we exploit this propertyin anoptional�ne-tuning
stepto adjusttile spacingby runninga small number(gen-
erally 10 or fewer) of CAVD iterationson all tiles within a
container. Thespeedof theCAVD iterationsalongwith this
�ne-tuning propertymake theCAVD well-suitedto our ap-
plication.

5. SystemDetails

Container Speci�cation

In oursystem,scenecontainersarespeci�edasscalablevec-
tor graphics(SVG) animations.SVG is a human-readable
formatfor describing2D graphicsin XML andenableseasy
speci�cationof vectorgraphicshapesandanimations.(See
http: //www.w3.org/TR/SVG/ for more information.) Us-
ing a graphicalSVG editor (we choseCorelWebDraw), an
artist draws and animatesa scene.Our systemthen reads

in theSVG source,translatingsceneelementsinto coloured
containershapes(i.e. collectionsof orderedpoints). Our
SVG parser also automaticallyextracts each container's
transformationmatrices(for af�ne transformations),point-
to-point perimetercorrespondences(for arbitrarycontainer
deformations),andthestartandendtimesfor eachanimated
transformation.WegenerallysampletheSVG animationsat
8 to 15framespersecond,interpolatingthecontainervalues
ateachof thesesamplepoints.

Using SVG to specify the animationallows the artist to
easily createanimatedsceneswith readily available GUI
tools,while providing our systemwith thenecessaryinfor-
mation regardingcontainerbehaviour (i.e. containertrans-
formationsandperimeterpoint correspondences).However,
oursystemcanuseany kind of containerand�o w �eld such
asvideo with point correspondencesaroundsegmentedre-
gions[AHSS04,WXSC04] or videowith optical�o w. In the
videoaccompanying thispaper, weshow asequencecreated
usingcontainersfrom segmentedvideo with point-to-point
correspondencesmanuallyestablishedaroundsegmentbor-
ders.

A remainingissueis handlingcontaineroverlaps.Ourde-
fault mode is to compositeoverlappingcontainersbefore
packing.This changesthe shapeof the backgroundcon-
tainer, therebyenablingtiles in thepackedbackgroundcon-
tainer to align themselves with the border of an overlap-
ping foregroundcontainer(Figure6(b)). As an alternative,
compositingcan be performedafter packing.In this case,
containersarerenderedbackto front, eithertreatingpacked
containerbeingtreatedasa single,solid objectwith a grout
background(Figure6(a)), or letting tiles peekthrough(the
sunin Figure7(c)).

Packing

Giventhetemporallysampledcontainers,theartistindepen-
dently packseachas follows: First, the artist choosesthe
setof shapesto beusedfor packingandthenumberof de-
siredtiles.Basedon thesefactors,thesystemcalculatesthe
tile sizesfor eachshapeto randomlyseedin the container
to achieve maximalcoverage.Eachtile is assignedits con-
tainer's colour. Alternatively, point- or area-samplinga ref-
erencecolour imagecanalsobeused,asin Figure7(b). As
mentionedbefore,weuseHoff etal.'s [HKL � 99] hardware-
acceleratedimplementationof area-basedVoronoidiagrams,
andLloyd'salgorithm[Hau01,HHD03] for theCAVD. Like
Hausner[Hau01], the animatoriteratesuntil satis�ed with
thepacking.Thetiles arethenadvectedforwardto thenext
framebasedonthe�o w �eld asdiscussedin Section4. Tiles
thatareadvectedoutsideof acontainerareautomaticallyre-
moved.In somecases,the�o w �eld maycausetiles to over-
lap afteradvection;we alsousea brute-forceN2 algorithm
to automaticallycheckfor suchoverlappingtilesandremove
themif theoverlapexceedsauserspeci�edmaximumover-
lap threshold.The animatorcanspecifythat tiles be added
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Sequence Numberof Numberof Timeper Avg. Time
Containers Frames Secondof perContainer-

Output(mins) Frame(secs)
YinYang 9 99 9.6 48
WaterPour 5 48 11.25 45
Hula 12 60 3.3 20

Table1: Sampletimingstatisticsfor our sequences.

to thecontainermanuallyor automatically. In thelattercase
werandomlyprobefor areaslargeenoughto insertnew tiles.
In bothcasesthesenewly insertedtiles arethenre-oriented
andpacked while keepingthe placementof the remaining
tiles static.Afterward a few �nal, global CAVD iterations
canbeappliedasdescribedin Section4. After packingthe
sequence,the artist canalsoaddnoiseto tile positionsand
orientationsfor amorehand-craftedlook.

6. Results

In this sectionwe discussour results(Figure7 andaccom-
panying video).Our algorithmis fastenoughto enablein-
teractive designsessionson a 3.2GHzPentium4 PC with
1GB of RAM and an ATI Radeon9800Prographicscard
with 128MBof videomemory. Table 1 showspackingtimes
of samplesequences.Note that the Hula, WaterPour, and
YinYangsequencesweresampledat 10, 15, and12 frames
per secondrespectively. Usually, packingthe �rst frameis
the most time consuming,and becauseour tile advection
methodcausestiles to remainrelatively closelypackedfrom
frame to frame, packing successive framesis faster. Our
most complex sequence,the yinyang animation,took ap-
proximately48secondspercontainer-frameonaverage,pri-
marily user interaction. The severecontainerdeformations
requiredthe mostuserinteraction(i.e. experimentingwith
anchor-point versusnearest-edgemappingor testingoutau-
tomatic versusmanualtile insertions).However, the user
neverwaitsmorethanafew secondsfor any singlecommand
(i.e. click), andcaneasilytry variouschoices,undo,andtry
somethingdifferent.Therefore,we believe our systemen-
ablesartiststo craftanimationseffectively, interactively, and
with satisfyingresults.

Regardingvisual quality, staticimagessuchasthe gold-
�sh and the birthday cake show results in which tiles
are evenly distributed, appropriatelyoriented,and tightly
packed with minimal overlaps,even when using multiple
tile shapeswithin a singlecontainer(Figure7(a)). Further-
more,our yinyangsequencedemonstratesthat theseattrac-
tive mosaicqualities hold true even during animatedse-
quenceswith severe containerdeformations.The pitcher-
and-glasssequenceshows that our systemcanachieve nat-
ural,compellingeffects,suchaspouringwater. Also, notice
how containercompositingallows the waterto cut in front
of the back rim of the glasswhile being occludedby the
front rim. Thebullfrog animationusestheadditionof noise

to suggesta rippling pondsurface.The �gure descendinga
staircaseshows how rotoscopingcanalsobeusedto create
containers,leadingto smooth,lifelik eanimations.

Our hula sequence,Figure7(c andd), is our mostcom-
plex. A vertical orientation�eld wasusedfor the dancer's
clothing to bettersuggesta grassskirt (and then mermaid
scales),while orientation�elds basedon containeredges
were usedeverywhereelse.Varioussizedstarswere used
to packthe sun/moonfor a handicraftstyle.Differentcon-
tainercompositingeffectswerechosenby the artist in dif-
ferentscenelocations;tiles from thesunareallowedto peek
throughthetiles in thepalmfronds,whereascontainercom-
positing before packing is usedwhen the mermaid's tail
blocks the island or the front tree trunk blocks the back
trunk. After packing,the dancingportion of the sequence
was repeatedtwice to lengthenthe animation.Finally, we
compositedthepackedcontainerswith hand-drawn 2D ele-
mentsfor a mixed-mediaeffect. The �nal resultis a jaunty,
dynamicanimation.

7. Conclusionand Futur eWork

We have presenteda novel systemfor animatedmosaics
thatmeetsthe threechallengesof temporalcoherence,per-
framemosaicquality, andperformancethat supportsinter-
active input from the artist.We appliednew approachesto
temporalcoherencethroughthe coordinatedmovementof
groupsof NPRprimitivesto createtemporallycoherentge-
ometricpackingsof 2D shapesover time. Additionally, we
demonstratedhow to createmosaicscomprisedof different
tile shapesusingarea-basedcentroidalVoronoidiagrams.

Regardingimprovementsfor thecurrentsystem,automat-
ically detectingtile overlapsand areasfor tile insertions
couldbemadefaster. In addition,becauseeachtile is given
oneof theequivalentorientationsrandomly(i.e.independent
of neighbouringtiles), therearestill sub-optimalareas.This
couldbecorrectedeithermanuallyorbyhavinganalgorithm
thatpicksa tile'sequivalentorientationbasedonneighbour-
ing tiles.

Perhapsmoreinterestingly, thenovel techniquesfor tem-
poral coherencepresentedherehave potentialrelevanceto
other applications,suchas reducingthe needfor warping
andblendingin otherNPRanimationstyles.In addition,we
believe the packingscan be extendedin many interesting
ways,includingtheuseof animatedor deformabletiles(e.g.
packinga containerwith wriggling �sh over time or pack-
ing a 2D shapewith �e xible snakes),andpacking3D vol-
umeswith 3D objects,all basedonextensionsto thecurrent
CAVD approach.We also feel the CAVD approachmight
be usedto improve simulationsof packed formationsand
physically-basedtransitionsbetweenthesestates.Suchsim-
ulationscouldbeappliedcrowd or �ock movementsaswell
aspouringand�o wing discreteobjects.
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(a) (b) (c) (d)

Figure 7: Resultsfromour system.Images(a) and (b) are staticpackings,while (c) and (d) are froman animatedsequence.
Observethat packingsremainevenlyspacedanddense, evenwith multiple tile shapes(a) or undercontainerdeformations(c
andd).
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