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Abstract
We presenta methodfor progressivedeformingmeshes.Mostexistingmeshdecimationmethodsfocuson static
meshes.However, there are more and more animationdata today, and it is importantto addressthe problemof
simplifyingdeformingmeshes.Our methodis basedon deformationorienteddecimation(DOD) error metric
anddynamicconnectivityupdating(DCU) algorithm.Deformationorienteddecimationextendsthedeformation
sensitivitydecimation(DSD)error metricbyaugmentinganadditionaltermto modelthedistortionintroducedby
deformation.Thisnew metricpreservesnot only geometricfeaturesbut alsoareaswith large deformation.Using
this metric,a static referenceconnectivityis extractedfor the wholeanimation.Dynamicconnectivityupdating
algorithmutilizesvertex treesto further reducegeometricdistortionbyallowing theconnectivityto change. Tem-
poral coherencein thedynamicconnectivitybetweenframesis achievedby penalizinglarge deviationsfromthe
referenceconnectivity. Thecombinationof DOD andDCU demonstratesbettersimpli�cation and triangulation
performancethanpreviousmethodsfor deformingmeshsimpli�cation.

1. Intr oduction

Today, more and more high-resolutionanimated3D mod-
els,alsocalleddeformingmeshesor time-varyingsurfaces,
are widely usedin many applications,suchas gamesand
movies.High-resolutionmodelsarerequiredto presentde-
tailsand�ne structures.However, somedetailsmightbeun-
necessaryespeciallywhen viewing from a distance.Mesh
simpli�cation is a processof eliminatingsuchunnecessary
or redundantdetailsfrom high-resolution3D modelsby re-
moving vertices,edges,or faces.By repeatedlyapplying
this process,ananimatedmodelcanbeconvertedinto a set
of progressive meshrepresentinga sequenceof 3D meshes
with continuouslevel-of-details(LOD). Dueto theremoval
of someprimitives,this processusuallydistortstheoriginal
model.Hence,variousmetricshave beenproposedto mea-
surethedeviation of thesimpli�ed modelfrom theoriginal
oneandmany meshsimpli�cation methodshave beende-
velopedto minimize thesemetrics.However, mostof these
methodsaredesignedfor simplifying staticmeshes,but not
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time-varyingmeshessuchanimated3D modelsor 3D meta-
morphosis.In this paper, weproposea new methodfor gen-
eratingprogressive deformingmeshes.

To simplify deformingmeshes,someprevious methods
focuson preservingthestaticconnectivity, i.e., theconnec-
tivity of the deformingmeshesremainsunchangedfor all
frames.In theseapproaches,themeshsimpli�cation process
is only appliedto onemodel,which aggregatedfeaturesof
all framesasa meta-mesh.However, suchadaptationsare
inadequateand the resultsare often not satisfactory since
they do not take time-varying deformationinto considera-
tion. Figure1 shows the last frameof a simpli�ed 3D mor-
phingsequence,in which a horseis morphedto a man.The
resultsof usingpreviousapproaches(Figure1(c, d, e)) have
obviousdistortionin thehandarea.It is becausethatthefea-
turesof ahorsearenotnecessarilythefeaturesof amanand
ourmethodhasnosuchproblem(Figure1(f)).

On contrastto early work with staticconnectivity, a few
recentmethodschangethe connectivity adaptively anddy-
namicallyto improve thequality for eachsimpli�ed meshof
thesimpli�ed deformingmeshes.Thesemethodsstartwith
the meshof the �rst frame, and incrementallyupdatethe
connectivity so that the meshin the next frameis well ap-
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(a) originalmesh (b) independentQEM (c) �rst-frame QEM (d) DSD (e)KircherandGarland (f) Ourmethod

Figure1: Thelast frameof a simpli�ed 3D morphingsequence. (a) Theoriginal model.(b) Theresultof an independentQEM
approach. (c) Theresultof a staticconnectivityapproach fromthe�r st frame. (d) Theresultof DSD.(e) Theresultof Kircher
and Garland's method[KG05]. (f) Our result.AlthoughindependentQEM is the bestapproach to preservethe features, it
haspoppingartifacts in animation.Theresultof our methodpreservesmore detailsthanperviousmethodswhile maintaining
temporal coherencyof meshconnectivity.

proximated.In orderto generategoodsimpli�ed deforming
meshes,a greatamountof updatesis often inevitable, and
henceresultingin poppingartifacts.On the other hand,if
consistency constraintson theconnectivity of meshesfrom
frameto frameareimposed,theresultshave bettertemporal
coherence. However, geometricerrorsmay be propagated
and accumulatedwith theseapproaches.The fundamental
problemis thatthemodelin eitherthe�rst or arbitraryframe
doesnot necessarilyrepresenta goodcompromisebetween
the individual meshdistortionandconnectivity updatesfor
in-betweenmeshes.

Our goal is to minimizemeshdistortion while maximiz-
ing temporal coherencefor deformingmeshdecimation.In
other words, our methodattemptsto �nd a sequenceof
mesheswhich well approximatethe original meshesand
the amountof frame-to-frameconnectivity updatesis min-
imized. We �rst introducea deformationorienteddecima-
tion (DOD) metricto improvestaticconnectivity approaches
(Section3.1). In additionto thegeometricerrormetric,DOD
metricusesthe�rst orderderivativesof theedgelengthesto
measurethedeformationdegreeof deformingmeshes.This
DODschemeisusedtoobtaintheinitial progressivedeform-
ing mesheswith staticconnectivity. Next, weintroduceady-
namicconnectivity updating(DCU) methodwhich utilizes
vertex treesto furtherreducegeometricdistortionby altering
connectivity of meshes(Section3.2). Temporalcoherenceof
connectivity betweenframesis achievedby penalizinglarge
deviationsfrom areferenceconnectivity. Results(Section4)
showsthattheproposedmethodhasbetterperformancethan
previousmethodsfor deformingmeshsimpli�cation.

2. Relatedwork

In thissection,wereview relatedwork in threegroups:mul-
tiresolutionmeshes,simpli�cation of deformingmeshesand
compressionof deformingmeshes.

2.1. Multir esolutionmeshes

Thereareaplethoraof papersongeneratingmulti-resolution
meshes,notablythroughre-meshingandsimpli�cation. Re-
meshingapproaches[CSAD04,EDD� 95] attemptto obtain
a good re-samplingover the original meshsurface.These
methodscan not be directly applied to time-varying sur-
faces,since they do not take the temporalcoherenceinto
account.Simpli�cation techniqueschoosea primitive caus-
ing theleastdistortionmeasuredby somemetrics,andcon-
ductprimitiveeliminationoperationssuchasvertex-removal
[SZL92], vertex-clustering[CVM� 96], andedge-collapsing
[GH97,Hop96,LT98]. For edge-collapsingarchitecture,the
sequenceof simpli�cation processforms a tree structure,
calledvertex tree.A vertex treecanbeusedfor selective re-
�nement or coarseningfor arbitraryview-dependentmulti-
resolutionmodel [XV96, Hop97, LE97]. Traditional mesh
simpli�cation algorithmswork �ne ona singlestaticmodel.
However, asre-meshing,it doesnot considertemporalco-
herenceandhencecan not be directly usedfor deforming
meshes.

2.2. Simpli�cation of deforming meshes

Recently, somemeshsimpli�cation methodshave beenpro-
posedfor deformingmeshes.Mohr and Gleicher [MG03]
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proposedadeformationsensitivedecimation(DSD)method,
which adaptsthe QEM [GH97] algorithm, to constructa
meta-meshby summingthe quadricerrors incurredby all
frames.The meta-meshusesthe aggregated error as the
guide to �nd an optimal primitive elimination sequence
to simplify itself. DeCoroand Rusinkiewicz [DR05] pro-
posedamethodof weightingpossiblecon�gurationof poses
with probabilities.With articulatedmeshes,skeletontrans-
formationis incorporatedinto standardQEM algorithm,and
usersmustspecifytheprobabilitydistributionfor eachjoint.
ShamirandPascucci[SP01] alsousedtheQEM algorithmas
a basesimpli�cation module.By extractinghigh frequency
transformation,simpli�cation is applied to the basemesh
andtheresultsareacquiredby aninversetransformationon
thesimpli�ed basemesh.

Keepingstaticconnectivity for all framesproducesamod-
erateapproximation.With thisadaptation,averysimpledata
structureis usedfor therepresentationandthequalityof the
simpli�ed animationis satisfactoryin general.However, be-
causethis approachmakesa compromiseamongall frames,
it mayprefertopreservealessprominentfeatureoveramore
importantfeaturein someframebecausethelessprominent
featureis moreimportantin otherframes.This is especially
commonin 3D metamorphosisanimations.Hence,impor-
tant featuresat certain framescould be sacri�ced by this
compromise.Thephenomenacanbeseenin Figure1.

Sincemethodswith static connectivity can not preserve
all featureswhenmoreprimitivesareremoved,analternative
way is to changethe connectivity dynamicallyduring the
animation.Shamiret al. [SBP00,SP01] designeda scheme
for simplifying deformingmesheswhile changingthe con-
nectivity dynamically. In their method,Time-dependentDi-
rectedAcyclic Graph (TDAG) is introducedby merging
eachindividual simpli�ed modelof eachframeinto a uni-
�ed graph.TDAG is a datastructurethatstoresthelife time
of a vertex, which is queriedfor theconnectivity updating.

Kircher and Garland [KG05] used edge-swap opera-
tionsto dynamicallyupdatetheconnectivity. Thesimpli�ed
modelfor thenext frameis obtainedby a sequenceof edge-
swap operationsfrom the simpli�ed model of the current
frame.Inadequateerror propagationfound in Shamir's ap-
proach[SBP00] is overcomeby applyingonlyvalid andben-
e�cial edge-swap operations.However, for extremelysim-
pli�ed deformingmeshes,theremight bea hugeamountof
connectivity updateswhichcausepoppingartifacts.

2.3. Compressionof deforming meshes

Anotherway to reducethesizeof the sequenceof deform-
ing meshesis throughdatacompression.Lengyel [Len99]
proposeda compressionmethodfor deformingmeshesby
decomposingthe time-varying geometriesto SVG matri-
ces. Alexa and Müller [AM00] usedSingular Value De-
composition(SVD) to �nd theprinciplecomponentsof de-
forming meshes.Then, the losslessor lossy compression

of the deformingmeshescan be controlledby either pre-
servingall componentsor discardingsomeless important
components.Ibarria andRossignac[IR03] showed how to
use predictors,ELP and Replica, to compressdeforming
meshes.As an extensionof the geometryimage[GGH02],
Brice�no et al. [BSM� 03] usedthe RGB channelsas the
XYZ coordinatesto compressthe time-varying deforming
meshesascompressingavideosequence.Hence,many tech-
niquesfor video compressioncould be applied.Jamesand
Twigg [JT05] developeda methodto automatically�nd the
bonesandvertex weightswhich areusedfor ef�cient hard-
warerenderingandexcellentmeshdatacompression.

3. Algorithm

Our algorithm consistsof two components:Deformation
OrientedDecimation(DOD) andDynamicConnectivityUp-
dating (DCU). In this section,we �rst describeour DOD
methodfor deformingmeshdecimationwith astaticconnec-
tivity. Next, we useDCU algorithmto reduceerrorsby al-
lowingadaptiveconnectivity whilemaintainingtemporalco-
herence.Finally, someimplementationdetailsarediscussed.

3.1. Deformation oriented decimation

Our DOD algorithm is basedon Garlandand Heckbert's
QSlim algorithm which hasbeenproven ef�cient and ef-
fective for static mesh decimation.QSlim iteratively se-
lectsanedge(vi ; v j ) with theminimumcontractioncostto
collapseand replacethis edgewith a new vertex u which
minimizesthecontractioncost.To measurethe contraction
cost for an edge,Qslim utilizes the quadraticerror metric
(QEM) [GH97], which measuresthe total squareddistance
of avertex to thetwo setsof planesP(vi) andP(v j ) adjacent
to vi andv j respectively. A planecanberepresentedwith a
4D vectorp, consistingof theplanenormalandthedistance
to theorigin. Hence,thesquareddistanceof a vertex v to a
planep equalsvT(ppT)v. TheQEM errorfunctionDi j for a
vertex v to replacetheedge(vi ; v j ) is

Di j (v) = å
p2 P(vi)

vT(ppT)v + å
p2 P(v j )

vT(ppT)v

= vTQiv + vTQ jv: (1)

Garlandalsosuggestsusinganarea-weightedquadricerror
metric for betterresults[Gar99] andde�nes theQEM error
functionas:

Di j (v) = vT(wiQi + w jQ j )v = vTQi jv; (2)

wherewi is the total areaof trianglesadjacentto vi andw j
is de�ned similarly. Hence,the QEM costQEMi j for con-
tractinganedge(vi ; v j ) is de�ned asDi j (ui j ), in which ui j
is the vertex minimizing Di j (v). QSlim simpli�es a mesh
by iteratively �nding the edge(vi ; v j ) with the minimum
QEMi j , performingan edge-collapseoperationto replace
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(vi ; v j ) with a new vertex ui j and updatingthe edgecon-
tractioncostsrelatedto ui j until thedesiredvertex countm
is reached.

To extendQEM to handledeformingmeshes,anaïveway
is to useQEM to obtainan edge-collapsesequencefor the
�rst frame,andthenapplythissequenceto all frames.Since
all framesusethe sameedge-collapsesequence,they have
thesameconnectivity. Thedisadvantageof this approachis
obvious.Featuresof otherframesmight beremoved if they
are not featuresin the �rst frame.The deformationsensi-
tive decimation(DSD) algorithmaddressesthis problemby
summingQEM costsacrossall frames[MG03]. The DSD
contractioncostfor anedge(vi ; v j ) is de�ned as

DSDi j =
f

å
t= 1

QEMt
i j =

f

å
t= 1

ut
i j

T
Qt

i ju
t
i j ; (3)

where ut
i j minimizes the QEM cost QEMt

i j for the edge
(vi ; v j ) at framet. Hence,DSD tendsto preserve edgesthat
aregeometricfeaturesmoreoftenin theanimation.

TheQEM errormetricsusedby DSD only concernswith
featuresof geometryin thespatialdomainbut notfeaturesof
deformationin thetemporaldomain. As a result,geometric
featuresareoftenwell preservedbut regionswith highdefor-
mationmaynot.To addressDSD'signoranceto deformation
information,we proposea deformationorienteddecimation
(DOD) metric which incorporatesa deformationcost into
theDSDmetric.

Wedesignourdeformationcostxi j sothatanedgeis less
likely to be contractedif it haslarger deformationandbe-
longsto deformationareasmoreoften.We measurethede-
formationof anedgeby its averageedgelengthchange.The
averageedgelengthchangefor anedge(vi ; v j ) is de�ned as

Dl i j =
f � 1

å
t= 1

Dl ti j ; (4)

where Dl ti j = jl t+ 1
i j � l ti j j is the edge length changefrom

framet to t + 1 andl ti j is theedgelengthfor theedge(vi ; v j )
at framet. An edgewith largerDl i j impliesthatthisedgede-
formsmoreoftenin theanimation.Therefore,if wecontract
it, thenthedeformationperformedby this edgewill belost.
Hence,we shouldpreferto contractedgeswith smallerDl i j
�rst.

To be consistentwith area-weightedQEM, we assign
higher weights to the edgesbelongingto the trianglesof
larger areas.Hence,we use the averageareaAi j as the
weight,

Ai j =
f

å
t= 1

At
i j ; (5)

whereAt
i j is the sum of areasof the two trianglessharing

edge(vi ; v j ) atframet. Thus,wede�ne thedeformationcost

Figure2: Thesimpli�ed walkingdog animation.Thetoprow
showsthesimpli�ed meshwith our DOD method.Thebot-
tomrowis theresultusingtheDSDmethod.Thehighlighted
areademonstratesthatour DOD methodpreservesmoretri-
angleson the area havingmore deformationarounddog's
neck.

xi j for anedge(vi ; v j ) asfollows:

xi j = wi j � Ai j � (Dl i j )
2; (6)

wherewi j is anotherweightde�ned as

wi j =
maxt Dl ti j � Dl i j

q
1

f � 1 å
f � 1
t= 1 (Dl ti j � Dl i j )2

: (7)

Thedenominatorof theabove equationis thestandarddevi-
ationof lengthchanges.This weight representsthenormal-
ized maximumdeformationandhelpsto preserve the edge
with irregularandsuddenlargedeformation.The introduc-
tion of this weight is to re�ect the fact that we usuallypay
moreattentionto unexpectedandsuddendeformation.

Finally, We de�ne the DOD error metric for contracting
an edge(vi ; v j ) as the sumof its DSD costDSDi j andits
associateddeformationcostxi j :

DODi j = DSDi j + xi j : (8)

Thedecimationprocessis similar to DSD algorithmexcept
that DOD metricsareusedinstead.Oncethe edge(vi ; v j )
has beenselectedto be contracted,the new vertex ut

i j is
found using the sameapproachasQEM to minimize geo-
metricerrorfor every framet.

QEM measuresarea-weightedgeometric distortions
while the deformationcost measuresarea-weighteddefor-
mationamountin theanimation.Hence,QEM preservesge-
ometric features(DSDi j ) while the deformationcost (xi j )
preserves highly deformedareas,and the combinationof
thetwo termsgivessimpli�cation thatpreservesbothspatial
andtemporalfeaturessimultaneously. Note that our defor-
mationcost (Equation6) hasa consistentform with QEM
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cost.Hence.both costshave similar scalesandthe relative
weightbetweenthemis setto 1 asshown in Equation8.

Figures2 show comparisonsof our DOD methodandthe
DSDmethodfor awalkingdoganimation.In thisanimation,
theareaarounddog's neckhasmoredeformationandneeds
more trianglesto representit faithfully. Our DOD method
doespreserve more necessaryconnectivity than the DSD
method.

3.2. Dynamic connectivity updating

TheDOD algorithmin theprevioussectionsimpli�es a de-
forming meshwith staticconnectivity. Hence,only thever-
tex positionscanbechangedacrossframesbut not connec-
tivity. For skinning animations,it is typically suf�cient to
usea �x edstaticconnectivity. However, for animationswith
extremelynon-rigid deformation,suchas3D metamorpho-
sisanimations,decimationusingstaticconnectivity is often
inappropriate.In 3D metamorphosis,asourcemeshis trans-
formedinto atargetmesh.Bothmeshesareusuallyverydif-
ferentandthefeaturesof thesetwo meshesareoftenlocated
at differentplaces.Hence,a staticconnectivity oftenfails to
capturefeaturesacrossframes.For this situation,adaptive
connectivity is preferred.However, at thesametime, we do
not want to have frequentconnectivity changewhich might
incur poppingartifacts.To copewith the problem,the idea
is to minimizethegeometricerrorwhile maintainingsmooth
temporalconnectivity changes.

Theedge-collapseoperationsin theprevious sectionim-
plicitly form abinarytreestructuresinceeachedge-collapse
operationmergestwo verticesvi , v j into a new vertex ui j .
Hence,wecanrecordthesequenceof edgecollapsesto con-
structa treecalledvertex tree. Figure3 givesanexampleof
vertex tree.In avertex tree,all leafnodestogetherrepresents
the full-resolutionmodel.Any cut throughthe intermediate
nodesformsa meshat a speci�c resolution.We call sucha
cut vertex front, as illustratedin Figure3. Hence,a vertex
front F is a setof nodesn of the vertex tree.For the static
meshdecimationproblem,we want to �nd a vertex front
of sizem with theminimumgeometricerror. Hence,we can
formulatethemeshdecimationproblemasthefollowing op-
timizationproblem:

min
F2 F m

å
n2 F

h(n); (9)

whereF m is thesetof all possiblevertex frontswhosesize
arem andh(n) is thecostassociatedwith thenoden, i.e., ,
thecontractioncostfor theedgecollapseto form thevertex
correspondingto n.

To extend the above optimizationproblemto handlean
animationsequence,independentQEM approachsolvesthe
optimizationfor eachframeindividually without consider-
ing the temporalcoherencein connectivity. This strategy
however causespoppingartifactsandmany connectivity up-
dates.As statedearlier, our goal is to minimize geometric
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Figure 3: Illustration of thevertex treeadoptfromHoppe's
paper [Hop97]. The roots of the vertex forest collectively
representa basemesh.Any cut through the intermediate
nodesformsa decimatedmesh.

Frame t Frame t+1 Updating Records

Initial Vertex Front

Cost Minimized
Vertex Front Non-Changing

Connectivity

Figure 4: Vertex front transformedfrom framet to frame
t + 1. Becauseour methodseeksfor a different vertex front
for each frame, thecorrespondencemustbe built such that
wecanupdatetheconnectivity. On theright most,two por-
tions are computed:non-changingconnectivityand neces-
saryupdatingrecords.

distortionwhile maintainingthe temporalcoherence.Thus,
given a distancefunction D(F1;F2) that measuresconnec-
tivity discrepancy betweentwo frames,we attemptto �nd a
sequenceof mesheswith low geometricdistortionaswell as
low connectivity discrepancy betweenconsecutive frames.
This problem can then be formulatedas an optimization
problem:

min
F1;:::;F f 2 F m

 
f

å
t= 1

å
n2 Ft

h(n) + k
f � 1

å
t= 1

D(Ft ;Ft+ 1)

!

; (10)

wherek is a user-speci�ed constantto control thedegreeof
connectivity smoothnessbetweenconsecutive frames.

The distancefunction D(F1;F2) is de�ned as what up-
datingis necessaryto transformfrom thevertex front F1 to
thevertex front F2. Updatingis composedof edgecollapses
andvertex splits, as illustratedin Figure4. We �rst de�ne
thedistanceD(n;F2) from a noden of F1 to thevertex front
F2 asthequadraticheightdifferencein thevertex treefrom
n to n� ; here,n� is a nodeof F2, canreachn by edgecol-
lapsesor vertex splits,andhasthemaximalheightdifference
to n in thevertex tree.Thequadratictermpreventsthesolu-
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Figure 5: A 50-framewave animationspreadingout fromthecenterto theboundary. Top: Theoriginal sequencewith 10,210
verticesand20,000faces.Bottom:2,040-verticesand3,982-facesapproximation.

tion from beingoverly coarsenedor re�ned at a certainlo-
cationof themesh.Finally, thedistanceD(F1;F2) is de�ned
aså n2 F1

D(n;F2).

However, the optimization de�ned in Equation10 is a
hugecombinatorialoptimizationproblem.Wehadattempted
to solve it by a geneticalgorithmbut did not have satisfac-
tory results.It is becausesolutionsoften get stuck in local
minimums.Hence,we simplify Equation10 and optimize
theapproximatedprobleminstead.Theideais to �rst �nd a
referenceconnectivity representedby avertex front F asthe
initial connectivity for all frames.Eachframeis thenopti-
mizedseparatelyby alteringF to further reducegeometric
error. However, to maintaintemporalcoherence,we do not
like a vertex front too far away from F. Thus,we formulate
theapproximatedminimizationproblemas:

min
F2 F m

 

å
n2 F

h(n) + k� D(F;F)

!

: (11)

For this reducedoptimization,we �rst performDOD algo-
rithm to obtaintheoptimalvertex front F andsetupavertex
treestructure.For eachframet, we generatea vertex tree
with thetreestructurethatDOD algorithmbuilds.However,
the costassociatedwith eachnodeof the treeis calculated
usingQEM. Thatis, thecollapsesequenceis universallyde-
terminedby DOD, but thecostsarecalculatedindividually
for eachframe's own vertex treeusingQEM. After build-
ing the vertex treefor eachframe,the optimal vertex front
is foundusinga greedymethod.Although our algorithmis
only suboptimal,it worksverywell in practiceandgivesbet-
ter resultsthanpreviousmethods.

An alternativeapproximatesolutionto Equation10would
be to solve for the �rst frameby minimize geometriccost
and to usethe result as the referenceconnectivity to opti-
mize for the next frame.Hence,for eachframe,we mini-
mize thegeometricdistortionandthe connectivity discrep-
ancy from the previous frame.Similar to Kircher andGar-
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Figure 6: Theeffectsof different k for the spreadingwave
animationusingthe DOD+DCU approach. Top: Thenum-
ber of updatesin each frameat differentk. Middle: Theav-
erage numberof updatesfor everydoublingk. Bottom:The
illustrationof theconnectivitychangesfromframeto frame.

land's method[KG05], this strategy doesnot usethe infor-
mationof theentiresequenceandhassimilardisadvantages.

The coef�cient k in Equation11 controlsthe degreeof
temporal smoothness;larger k gives a solution closer to
DOD and smaller k gives a solution closer to QEM (not
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Figure7: A horse-gallopanimationwith 48frames.Top: Theoriginal animationwith 8,431verticesand16,843faces.Bottom:
800-verticesand1,588-facesapproximation.
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Figure 8: Comparisonsof independentQEM, �r st-frame
QEM, DSD,andDOD for an extremesimpli�cation for the
horse-gallopanimation.

the sameQEM becausethe structureof the vertex tree is
from DOD but the nodecostsarefrom QEM). We usethe
wave spreadingexamplein Figure5 to illustratethe impact
of k. Figure6 shows therelationshipbetweenthechoiceof
k andthe numberof averageconnectivity updates.The re-
sult shows thattherelationshipis approximatelylinearwith
halvingor doublingk. This propertyholdsfor all examples
we have tested.

3.3. Implementation

Ouralgorithmcanbesummarizedinto thefollowing steps:

1. UseDOD to generateasequenceof edge-collapseopera-
tions,build thestructureof thevertex treesandcreatethe
initial vertex front.

2. For eachframe,build thevertex treesusingDOD'sstruc-
tureand�ll in thecostfor eachnodeusingQEM's edge
contractioncost.

3. Modify theinitial vertex front for eachframeto minimize
Equation11.

For Step1, wemodify QSlim 2.1to incorporatetheDOD
metric andbuild thevertex trees.For eachedge,we record
its lengthandtheareasof thetwo trianglessharingit. Then,
we performthefollowing procedure:

� ComputetheDOD costfor every edge,andinsertthese
edgesinto a priority queue.

(a) originalmesh

(b) simpli�ed meshusingDOD

(c) simpli�ed meshusingDSD

Figure 9: Thetail part of the simpli�ed horseanimationin
Figure7, in which thetail keepsswingingupanddown.Our
DOD methodgivesbettertriangulationon the tail thanthe
DSDmethod.

� Iteratively selectand contractan edgewith the least
DOD cost,updateevery frame,evaluatethe new DOD
cost, and insert thesenew edgesback to the priority
queue.

� Go to thepreviousstepuntil reachingthebasemesh.

At this point, we have a sequenceof edge-collapseswhich
canbe usedto build thevertex treeandcomputethe initial
vertex front.

For Step2, conceptually, we have to calculatethe geo-
metriccostfor every nodeof thevertex treefor eachframe.
However, every edge-collapseoperationin Step1 hasactu-
ally alreadyrecordedsuchinformation.

For Step3, we want to modify the vertex front for each
frame to minimize Equation11. Similar to Hoppe's solu-
tion [Hop96], we usea priority queueto minimize thecost
of vertex front modi�cation. It dramaticallyspeedsup our
optimization.
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Figure10: A horse-to-manmorphinganimationwith 200frames.Top: Theoriginal sequence. Middle: 3,200-verticesapproxi-
mation.Bottom:800-verticesapproximation.
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Figure 11: Comparisonsof geometricerrors for thehorse-
to-man morphing sequence. The average geometricerror
is 2.610for Kircher and Garland,2.626for DSD,2.617for
DOD, and2.433for DOD+DCU, all in 10� 4.

4. Results

We �rst compareour DOD methodto �rst-frame QEM and
DSD methodsin termsof geometricerrorsfor simplifying
thehorse-gallopanimationsequencefrom 8,431verticesto
800vertices(Figure7). Thegeometricerrorswereevaluated
usingMetro [CRS98]. Figure8 shows theresults.As a ref-

erence,theredcurve shows theresultof applyingtheQEM
methodindependentlyto every frame.The�rst-frame QEM
approach(greencurve)performsworst.Our result(magenta
curve) aremuchbetterthanthe �rst-frame QEM approach
but slightly worsethanthe DSD method(blue curve). It is
becausethat the DSD methodsolely focuseson minimiz-
ing geometriccostswhile our DOD methodalsopaysatten-
tion to deformationthat is not re�ected in this experiment.
Hence,purelyin termsof geometricerrors,ourDOD method
canbe outperformedby the DSD method.However, DOD
preserves more deformationand provides bettertriangula-
tion. Note that, thoughthe independentQEM hasthe best
performancein termsof geometricerror, theresultedanima-
tion hasseverepoppingartifacts.

Figure9 shows that our DOD algorithmprovides better
triangulationfor horse's tail sinceit hasmoredeformation.
In practice,ourDOD methodalsoavoidssliver trianglesbe-
causetheintroduceddeformationcostpenalizesthechanges
on long edgesandmoreweightsareassignedto non-sliver
triangles.

Next, we compareDOD, DOD+DCU, DSD andKircher
andGarland's method[KG05] for a 3D metamorphosisex-
ample,horse-to-man(Figure 10). Figure 11 shows the re-
sults. Again, the independentQEM provides a reference
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Figure 12: Comparisonsof DOD+DCU (top row) and
Kircher andGarland's method(bottomrow). In this �gure,
weillustratethedetailsfor thelastframeof thehorse-to-man
animation.

Figure 13: Comparisonsof DOD+DCU (left) and Kircher
andGarland'smethod(right). Thisis thefootpart of thelast
frameof the horse-to-mananimation,in which our method
successfullypreservesmore details.

(redcurve).Comparedto theDSDmethod(bluecurve),our
DOD method(magentacurve) hasalmostidenticalperfor-
mancewith the DSD (blue curve) methodin this example.
However, theDOD+DCUapproach(greencurve) generally
hasa lower error than the DSD method.It shows that the
DCU methoddoesimprove the geometricerror sinceit al-
lows theconnectivity to adaptto featuresbetter. Kircherand
Garland's methodgiveslessdistortionat thebeginning,but
the distortion graduallygrows up (orangecurve). It is be-
causethat it usesthe �rst frameas the initial connectivity
andrepeatedlywarpsthe connectivity of the currentframe
to thenext frame.

Figures12and13show thedifferenceof thelastframefor
the horse-to-mananimationusingour methodandKircher
andGarland'smethod.Ourmethodobviouslyadjuststo fea-
turesbetterthantheir method.This is, however, partly be-
causeour methodusesinformationof the entiresequence.
Onetheotherhand,KircherandGarland'smethodonly uses
informationfrom thenext frame.Hence,theirmethodis bet-
tersuitedfor thesituationswhenthedeformationis updated

incrementallysuchas interactive poseediting or physical
simulation.However, whenthewholesequenceis known in
advance,ourmethodhasbetterperformance.

Figures14 and15 show moreexampleson variousani-
mations.Figure14 demonstratesanexampleof simplifying
a facial expressionanimation.Even after removing 95% of
vertices,the simpli�ed meshescan still be renderedfaith-
fully to therenderingof original ones.Figure15 shows an-
otherexamplefor skinninganimation.

The experimentswereperformedon a computerwith an
AMD64 2.0GHzCPUand12GBmemory. Thecomputation
time of calculatingthe edgecost is 54.31secondsfor the
horse-to-mananimation,which has200 framesand52,461
edgesfor eachframe.Constructingthecompletevertex tree
takes445.07secondsfor the 200 meshesin the animation.
Theminimizationof Equation11 takes47.60seconds.

5. Conclusionsand futur ework

In this paper, we proposea methodfor progressive deform-
ing meshesusing the DOD and DCU methods.The DOD
methodextendstheDSD formulationby augmentinganad-
ditionaldeformationcost.Theresultsshow abettersimpli�-
cationandtriangulationthanDSD. TheDCU framework is
proposedfor adaptingconnectivity of thedeformingmeshes
by utilizing the vertex tree originally designedfor view-
dependentmulti-resolutionmesh.Ourmethodis easyto im-
plementandgenerallyhaslower geometryerror thanprevi-
ousmethods.

Thereareseveral interestingresearchdirectionswe want
to explore. First, the position of the newly generatedver-
tex after edge-collapsingis not the optimal. For the cases
which have nearplanarsurfacesduring the animation,the
vertex position may be drifted. Second,our DCU method
is not anoptimal one.We expectto �nd a way to optimize
Equation10. Third, we expect to extend the DOD algo-
rithm to an incrementalalgorithm.Whenlittle information
is known in advanceaboutthe deformation,we can incre-
mentallychangeconnectivity while still preservingthe de-
forming areawell. Finally, compressionand hardware ac-
celerationfor progressive deformingmeshesareinteresting
topicsaswell.
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providing the horse-gallopanimation,Alla Sheffer for the
horse-to-manmorphingdata,andLi Zhangfor thefacialex-
pressionanimation.We alsowould like to thankthereview-
ersfor theirpertinentcomments.Thiswork wassupportedin
partby theNationalScienceCouncilof TaiwanunderGrant
No. NSC93-2213-E-002-084andNSC94-2213-E-002-097.

c
 TheEurographicsAssociation2006.



Huangetal. / ProgressiveDeformingMeshesbasedonDeformationOrientedDecimationandDynamicConnectivityUpdating

Figure 14: A facial expressionanimationwith 192 frames.
Top: Theoriginal sequencewith 23,725verticesand46,853
faces.Middle: 3,201-verticesand 5,825-facesapproxima-
tion using DOD+DCU approach. Bottom: 1,200-vertices
and1,874-facesapproximation.

Figure15: A doganimationwith 111frames.Top: Theorig-
inal animationwith 4,070verticesand8,136faces.Bottom:
800-verticesand1,596-facesapproximation.
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