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Abstract

Computergeneatedchaacteranimationywherehumanor anthropomophicchaactesareanimated
to tell a story, holdstremendougpotentialto enricheducationhumancomrunication perception,
andentetainment. However, currentanimationproceduesrely on atime consuminganddiY cult
procesghat requiresboth artistic talentandtechnicakxpetise. Despitethe tremendousamount
of artistry, skll, andtime dedicatedo the animationprocessthere are few techniques$o helpwith
reuse. Althoughindividualaspect®f animationare well explored, there is little work that extends
beyond the boundarie®f ary onearea. Asa consequencehe sameprocedue must be followed
for eachnew chaacterwithout the oppotunity to genealize or reusetechnicacomponents This
dissetationdescribetechniqueshat easeéhe animationproces$y oVeringoppotunitiesfor reuse
anda more intuitive animationformulation. A diVerential speci cationof arbitrary debrmation
providesa geneal representatiorior adgting debrmationto diVerentshgpes computingsemantic
comrespondenceetweentwo shages and extrapolatingnatural debrmation from a nite setof
examples

Deformation transér addsa geneal-puposereusemechanisnto the animationpipelineby
transémring ary debrmation of a soucetriange meshonto a diVerent target mesh. The transér
systenusescorespondencagorithmto buildadiscetemary-to-many mappingbetweenthesource
andtargettriandesthat pemitstransér betneenmeshesf diVerenttopolagy. Resultsdemonstate
retagetingboth kinematicposesandnon-rigd debrmations aswell astransér betweenchaiactes
of diVerent topolagical andanatomicaktructure. Mesh-basenhversekinematicextendsthe idea
of traditionalskeleton-basadversekinematicio meshedy allowving the userto posea meshvia
directmanipulation.Theuserindicateghe clas©f meaningil debrmationsby suppying examples
that canbe createdautomaticaill with debrmationtransér, sculptedscannedor producedoy ary
othermeans Thistechniquas distinguishedrom traditionalanimationmethodssinceit avoidsthe
expensie chaactersetupstage. It is distinguishedrom existingmesheditingalgorithmssincethe
userretainsthe freedomto specifythe classof meaningll debrmations Resultsdemonstate an
intuitive interfacefor posingmesheshatrequiesonly asmallamountof usere\ort.
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Introdudion

Animatossbring ctional chaactesto lifethroughmovement. Theircentraltaskisto makeachamlcter
actwith personalityandstyle,andthereby tell astory. Theanimationproces®eginsin themodeling
stagewith the constuction of athree-dimensiongBl) digital representatiorof a chaacters shape.
The 3 modelcanbecreatedwith software toolsor sculptedut of clay andscannedTheendresult
of modelingis a staticshgethat mustbeinstumentedwith so-calledigging controlsto changets
postue, bulge muscleschangdacialexpressionsandgeneate othernecessgrdebrmations The
rigging stagas criticalsincethesecontrolsdeteminethe full rangeof debrmationthatwill beseen
in the nal result. During the animationstage the animatorusesthe rigging controlsto create

contiruousmovementby reposinghe characterover the courseof the animation.

Althoughthisprocesss eVectie, allaspectsf it are challengng andlaborintensve. Therigging
procedue is perhgsthe mostexpenste stagen the animationpipelinesincet requiesbothatrtistic
talentandtechnicakxpetise. Craftingthe debrmationsrequiredfor lifelikemovementis anartistic
endewor, while building the rigging controlsto achiee thesedebrmationsis inherently technical.
Onceariggingcontrolhasbeerdesignedspecializing for apaticularchaactersshaeofteninvolves
time consumingparametertuningin orderto ensue thatthe geneateddebrmationsare acceptale
for all control settings Therigging processs toleratedbecausé is an essentiatomponenof the
animationpipeline.It allovsthe userto parameterie the spacef meaningfil debrmationssothat

the chaactercanbeanimatecY cient.
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Despitethe tremendousmountof artistry, skill, andtime dedicatedo the animationprocess
there are few techniqueso helpwith reuse.In orderto reusea debrmationcreatedfor oneshge
on anotherthe speci cpaametesthat controlthe debrmationmustbe adatedto the new shae.
Hand-sculptediterationamadeduringmodelingharenoinheentpaameterizatiomndare noteasy
adated. For mostrigging controls re-tuningthe parmametes is just astime consumingasstating
from sciatch. Special-pynosetransér algorithmscanadat someforms of rigging andassociated
animation put may failin the commoncasewvere avarietyof rigging techniqueare usedn tandem.
Asaresult,the work spentmodeling,rigging, andanimatinga chaactercannotbe reusedafterits
plannedhpplication.

Currentreseachin chalacteranimatioraddessesmdiidualaspectsftheanimatiorpipeline put
doesnot extendbeyondthe boundarie®f ary sinde stage.Asaconsequencéhe globalprocedue
remainsunchanged.The modeling,rigging, and animationphasesnust be followed, in order, to
createa chaacterandmakeit move. With no geneal methodof reuse the entire processnust
berepeatedrom sciatchfor eachnew chaacter Therigid procedue for characteranimationand
the absencef reusealgorithmsare signi cantprodemsin computeranimationaddessedn this

dissetation.

Challengs

Shpe debrmationplaysan essentialole throughoutthe animationpipeline. Editingtoolsemplo
debrmationalgorithmso sculpta chaacters shae, rigging controlspaameterie meaningdll de-
formationsandanimatosusetherigging controlsto createcontiruousdebrmationsovertime. The
debrmationsemplo/ed by animationrangefrom thosethat are primarily skeletain natue (e.g.,
bendingatthe elbav) to onesthatare non-rigd (e.g.facialexpressionscloth). To accommodatthis
widerangeageneriaeusemechanisnmustprovide someway to representarbitrary debrmations
without making domain-speci assumptionthatwould limit its applicability

In orderto eVectively reusethe motion of oneshaeto debrm another debrmationsmustbe
appliedto semantica}l similarcomponentsithe legsof one chaactershoulddebrm like the legs
of the other, the headlike the head the tail like the tail, andsoon. To resole all ambiguitiesthis
associatioshouldcontirue to the smallesgeometricentities For example whentriange meshes

representchaiactersshage,reuseshouldensuethatindividualtriangesare debrmedappropriatey.

12



DiVerencesn meshtopolagy mustalsobeconsidegdin orderto accommodatehaactesthathave
adiVerentnumberof triandes numberof vertices connecitity, or gerus

In orderto escaethetraditionalnimatiormpipeline altematemethodsarerequiredto specifithe
meaningll debrmationsof a chaacterandcreateanimationusingthis speci cation.Exampledata
demonstatingprototypicaldebrmationsis a convenientspeci cationput requiessometechnique

to genealize from the givenexamples

Contributions

Theresearh | presentin this dissetation easeshe animationprocesdy addinga geneal-pupose
reusamechanisnto the animationpipelineandbreakng the traditionalmodeling-riggg-animation
sequencsothatanimatos canskip the time-consuminggging stageandspecifithe clasof mean-
ingful debrmationghroughexamplesA diVerentialspeci catiorof arbitrary debrmationprovidesa
representationo transérdebrmationbetweendispaatemeshessomputesemanticomrespondence,
andextrapolatenaturaldebrmationsrom acollectionof examplesThesdopicsare discussebelov

andsummariedin Figue 11

Deformation Transér. Deformationtransér retagetsany debrmationof asoucechaacteronto

a diverent target chamacter Sincethis algorithmmakesno assumptiongboutthe methodused
to debrm the souce shae, it addsa geneal-puposereusemechanisnto the animationpipeline.
Deformationsfrom hand-sculptedlterationsmadeduring modelingor individual posesproduced
with rigging controlscanberegpliedto new chaactes An animationsequenceanberetaigeted
by applying the transér algorithmframe-ly-frame. This functionalityallowvs an entire databasef

animationgo becompiledandretagetedonto new chaacteswhenneeded.

In order to suppot a completey geneal speci cationof debrmation, my algorithm usesa
representatiorbasedn the debrmationgradienttensor eld. Usedin contiruum mechanicghis
guantityisadiVerentialspeci catiordesignedo representargedebrmations Sincechangen shae
ismostnaturally speci edasa diVerentialquantity debrmationgradientsare anappropriatechoice
for the transér prodem. A debrmationgradientisthe 3 3 Jacobiammatrix of a globalfunction
that maps pointsfrom R3 to R3. Sincethis functionis de ned for volumesandchagctes usedin

animationare oftenrepresentedstriangulatedsurfacesl proposea bounday-base@dppraximation

13



of thedebrmationgradienttensor eld on atriande mesh.Eachpertriande debrmationgradient
encodeshe changen orientationandstretchinducedby the debrmationon the triande. Takenas
awhole,the pertriande debrmationgradientcanrepreseniary meshdebrmationregardlesof its
origin or complexity.

Deformationtranséremplg/sadiscetecorespondenceéjscussebelon, thatassociatdéganges
of a souce meshwith thoseof a diVerent target meshin order to indicatewhich triandesshould
debrm similaty. Thismappingmakeghetranséralgorithmbroady applicalte sincethe souceand
targetneednothavethesameaopolagy or evenanatomicastructure. Per-triande soucedebrmation
gradientseencodeahe changen shae of the soucemeshfrom areferenceposeto adebrmedpose.
Thetranséralgorithmconstuctsthesesoucedebrmationgradientsrelateshemto thetargetmesh
viathecomrespondencaap, andreconstuctsadebrmedtargetfrom thisdiVerentialspeci catiorof
debrmation. Thereconstuctionprocesssexpresse@saquadaticoptimizationprodemsothatthe
reconstuctedtargetmeshwill mimic the soucedebrmationasclosey aspossite in aleast-squas
sense. The resultingnormal equationsare eY cienty sohed usingspase Choleskyfactorization.
After factoring,transémring a nev debrmationto the target meshonly requiesperbrming the

baclsubstitutiorstep

Correspondence. A correspondencalgorithmrelatessemanticafl similar meshcomponentgo
oneanotherusinga userguidedemplate- ttingprocedueto nd apatial paameterizatiorof one
meshwith respecto the other The usercontrolsthe processhroughthe speci cationof marker
pointsat matchingfeatueson eachmesh. The tting procedue debrmsone meshto matchthe
shae of the other This debrmation is formulatedas an optimizationprodem usingthe same
debrmationgradientghat enalte debrmationtransér. The algorithmis appliediteratively until a
closematchin shaeis achieed. Sinceonly a pattial parameterizations required, the procedue
canhandlesituationsvhere a strictpatameterizatioroesnot exist: the two mesheseednot be of
the samegerus andthe algorithmisrobustto topolagical“errors” where connectrity isimpropety
speci ed.

Oncea closematchin shaeis found,a discete comespondencmap is extractedby seaching
for pairs of triandeswhosecentroidsare in closeproximity. This pairingindicateghe patts of the

two shapeghatshoulddebrm similaty andprovidesaversatilespeci catiorof corespondencgince
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it suppots a geneal mary-to-mary mapping. The geneality enalbestransér betweenmesheof

diVerenttopology or evengrossanatomicastructure.

Mesh-BasethverseKinemdics. Mesh-basedversekinematicfMesHhK) extendghe ideaof tra-
ditionalskeleton-baseadversekinematicdo meshe$y allonving the userto posea meshvia direct
manipulation.With MesHhK, the useravoidsthe time-consuminggging stageandinsteadndicates
theclas®fmeaningifil debrmationsusingexamplesTheexamplesanbescannediyand-sculptedy
designeavith debrmationtoolsfrom ary stageof the animationpipeline.Becausef the versatility
with whichexampleganbecreatedMesHhK simpli esposingasks evenwhentraditionalanimation
or editingmethodsdo not apply. Furthemore, thiswork buildsupondebrmationtransér sincethe
requiredexampledebrmationscanbeautomaticail transémredfrom anothemmesh.

Oncetheseexamplesire given,theusercanselecanddragarny subsebf meshverticesto produce
ameaningll changen shge. Althoughthe userretainscompletefreedomto precisel specifithe
positionof any vertex, mosttasksonly requie movingafew. AsaresultMesHK achi@esmeaningdl
meshdebrmationsandposechanges anintuitive mannemwith only asmallamountof work by the
user Theanimatorcanposeanobjectby movingonly afew verticesor bringit to life by keyframing
thesevertex positions Furthemmore, the useralways retainsthe freedomto choosethe classof
meaningll debrmationsfor any mesh.

In MesHK, afeatue vectorof debrmationgradientss computedfor eachusergiven example
debrmation. A nonlinearspanof thesefeatue vectors de nesa featue spacenf appropriatemesh
debrmations Whenthe userdisplacesa few meshvertices MesHK positionghe remainingones
to producea meshwhosefeatue vectoris ascloseaspossite to the featue space.Thisprocedue
ensuesthatthe reconstuctedmeshmeetshe users constaintsexactly whileit bestreproducethe

exampledebrmations

15



Correspondence

N
Wi
o/

Mesh-Based Inverse Kinematics

Deformation Gradients

Figuel1 Anoverview ofthecontritutionsinthisdissetationisdepictedbose. Deformationtransér
addsageneal-puposaeusaenechanisno theanimatiorpipelineoy transérringany debrmationofa
soucetriangemestontoadiVerenttargetmesh.Thetransérsystenusescorespondencagorithm
to buildadiscetemary-to-mary mappingbetweenthesourceandtargettriandesthatpemitstransér
betweenmeshe®f diVerenttopolagy. Mesh-basenhversekinematicsallons the animatorto skip
the time consumingigging stageandinsteadspecifythe clasf meaningifil debrmationsthrough
examples The examplesanbe createdautomaticall with debrmationtransér, sculptedscanned,
or producedy ary othermeans Eachof thesealgorithmsemplo/sthe samaliVerentialspeci cation
of debrmationbasedn the debrmationgradienttensor eld from contiruum mechanics

16



ChaiacterAnimation Pipelire

Chamacteranimationis dividedinto three stages—modelinggging, andanimation—thatnust be
followed, in order, to createa chaacterand makeit move. Animatinga newv chaiacterrequies
stating the processver atthe beginning. Thereseach presentedh thisdissetationaimsto provide
a dggree of compatibilityin the animationprocesshat previousy did not exist. My work allows
dispaate cha@actes to be relatedto one anotherso that changesn one, whetherhandsculpted
alterationsmadeduring modeling,individual poseproducedwith rigging controls or movement
madeby manipulatinghe controlsover time, canbetransémredto the other | shav how to break
themodeling-rigmg-animatiorsequencsothatartistscanleveragetheeasavith whichachaacters
shaeismodeledandavoid thediY cultiesinherentin therigging process

Naturally, thesecontritutionsare bestundestoodin the contet of currentanimatiorprocedues
Thischaterpresentshe threeprimaly stage# the chaacteranimationpipeline.Eachstageentails
adivVerentsetof goalsandchallenged describéheissuefvolvedanddiscusthe substantismount

of relatedreseachin theseareas

21 Modeling

The r st stepin animationis geneating a digital representatiorof the chalcterto be animated.

The shae creationprocesss variousy calledmodeling sculptingor meshediting,anda varietyof

17



techniquesxistto accomplisht. In computeranimation,sculptinga characterout of realclay or
othermaterialssstillacommontechniquesincat givesartistsahighly expressre mediumwith which
they are well trained. The physicaimodelof the chaacter calleda “maquette,’is scannedo create
adigital representation.While sculptingfrom realclay hasbeenpertectedover thousandsf years
newver modelingechniquesvork directly with adigital representationTheformatusedo represent
achaacters shgein uencesthe type of modelingopemationsthat canbe perbrmed. Thus | r st
summarie commonformatsusedto representdigital geomety andthen describanodelingtools

usedo sculptacharctersshae.

211 GeometricRepresentéions

Digital representationsf geometrimbjectsare alundant. Sinceeachrepresentatiornasadrantages
anddisagtantagesthe choiceof which oneto useshouldbe goremedby the requiementsof the
applicationfor whichit is needed.Triande meshesre one of the mostcommonandwidely used
formatsbecaus®f the easewith which triande meshdatacanbe acquied using3l scannes A
triande meshconsist®f a sequencef verticesV = (vq;Vv2:::vp) andfaced = (f1;f2:::fm).
Eachvertex isapositionin 3 spacendeachaceisasequencefthreevertex indicesndicatinghow
the verticesare connectedo form atriange. Theunionof all triangesrepresentshe surfaceof an
object. Thetopolagy of the meshrefersto the meshstructure: the numberof verticesandfacesas
well astheir connecittity. In contrast,the shae of the meshis deteminedby the positionsof the
vertices

Meshesre oftenacquiedthrough3 scanningWhile scannedneshesnclude ne detailsthey
requie alargeamountof storageto dosa Sinceeachfaceof a polygonmeshis planay mary faces
arerequiredto faithfully reproduceéhigh-fequenyg surfacedetail. Asaresult, meshesvith hundreds
of thousandsf triandesare commonplaceT helargestorageandcompleity in termsof numberof
verticesandfacesequiredto reproducene-scaldeatuesare disadantagesf triange meshes

Onecommontopolagicalconsideationwith respecto triange mesheswhetheror notagiven
meshisamanibld. A manibld with bounday isasurfacein whichthe neighborhooaf every point
istopolagically equialentto adisg for interiorpoints or ahalf-discfor bounday points In orderfor
atriande meshto bemanibld, every interioredgemusthare exacty two incidenttriangesandevery

bounday edgemusthave exacty one. In addition triandeswhichshae a givenvertex mustform a
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closedooparoundthatvertex, or asinge fanfor bounday verticegGatand1999 Mary algorithms
requile meshesghatare manibldwith bounday. Othersrequie manibld meshegwith nobounday)
which are calledwatettight. Still otheralgorithmsrestrictthe gerus or, informally, the numberof
holesin the mesh. Unfortunatey, triande meshdatageneatedby scanningystemss notoriousy
“messy”andoftennon-manibld. Repairingsuchmeshess an actve areaof reseach (cf. [l 20@;
Sharfet al. 20@; NooruddinandTurk 2003Liepa200p. However, the algorithmspresentedn this

dissetationdo not require manibld surfaicesr placerestriction®n the meshgerus

Another consideation with mesheds pamameterization. A parameterizationis a mapping
P :R2! RS from 2d pointsin the planeto 3 pointson the surface. Triande mesheprovide
no explicit parameterizatiorand computingoneis non-trvial. Becausef their importancein tex-
ture mgpping and meshprocessingcomputinghigh-qualitypaameterizationfiasreceved much
attention. For the purposesf my reseach, so-callectross-pameterizatiorjKraeoy and Shé/er
20@] or inter-suracemapping[Scheineret al. 20d] is more important. Thesemethodscompute
a parameterizatiorof onetriande meshwith respecto another Thistype of parmmeterizations

discussenh Chapter4 asit relateso meshcorrespondence.

Althoughl considetriande meshes$o bethe mostappropriaterepresentatiorior the presented
researh, it is important to considerother representationshat are actvely usedin modelingand
animation.Triande meshe$ave two adzantagesver polygon meshesin whicheachfaceisaplanar
polygonwith anarbitrary numberof vertices First,every facein triange meshhasthe samenumber
of verticeswhichsimpli esimplementationSecondeachtriandeis, by de nition, planayunlikein a
geneal polygonmeshwhere facesnay becomenon-planadueto programmingor precisiorerrors
Ontheotherhand,somesurfacesare betterapprakimatedby non-triangulafacegDonget al. 2005
Cohen-Steinatal. 20d].

A parametricsurfacasamappingofthe at 2d planeto acurved3 surfacethattakesheform:
r(u;v) = x(u;VE+ y(u v+ z(u; vk

Thus paametricsuricesadmitanatural parameterizationywhichisoneof their primaty adrantages
NURBSuracesare acommonparametricrepresentatiofiPiegl 1991thatgenealize B-splineeurves

to surices NURBShave beenwidely usedin computeraideddesignapplicationssincethey can
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succincil represenimary smoothshaesare eY cientto evaluate andsuppot avarietyof geometric
opetionsimportantto designes Sinceasinde NURBSsurface,or “patch,”mustbetopolagically

equvalentto a sheet,cylinder or torus comple shgesare modeledby stitchingtogethermary

patchesA collectionof NURBSatchestitchedogetherin thisway isanalgousto apolygonmesh
whereeaclpatchrepresentacurvedportion of theobject. Theprimary dravbackof NURBSurfaces
isthe diY culty in maintainingsmoothnesacrospatchboundariesCreasesvhere NURBSpatches
join are oftenunavoidalle [DeRoseet al. 1998 Nonethelessnary animationtoolsemploy NURBS

patche$o modelthe complex shapesof animatectchaactes

Subdvisionsurfaceprovidethe e xibility of polygonmesheget still naturally represensmooth
surficegDeRoseet al. 1998 A subdvisionsurfaceis comprisef a polygonalbasemeshanda set
of subdvisionrulesthatindicatehow the basemeshshouldbe subdvided. Eachstepof subdvision
dividesthe meshpolygonsinto ner onesby addingnew verticesanddisplacinghem. Iteratively
applyingthesubdvisionrulesto thebasemestyieldsameshofincreasingmoothnessThus acoase
basemeshwith asmallnumberof verticescanrepresentismoothobjectin thelimit of thesubdvision
procedue. Shap featuescanbe representedby addingspecial’crease’rulesto the subdvision

schemehatcausesomemeshedgeso beonly pattially subdvided.

Subdvision surfacesare e xible sincethe basemeshis a polygon meshthat can be created
or modi ed usingary mesheditingtools The limit surficegeneatedafter repeatedsubdvision
is smoothwithout the contiruity prodemsthat are commonwith NURBSrepresentations This
e xibility andguaianteedsmoothnessiakeshemwell suitedfor animationandhasresultedn their
widespeadadoptionin recentyears [Zorin and Schbder200(. Like triangde meshessubdvision
suracegive no explicit parameterizatiorof the 2d plane. However, a parameterizatiorof the limit
surfaceto the basemeshis a natural consequencef the subadvisionprocedue. Sinceary triande
meshcanbe usedasa basemeshfor subdvision,the algorithmsn this dissetation are compatilte

with subdvisionrepresentations

Point-basedepresentions [Zwickeretal.20@] use3d pointsto representacontiruoussurface.
In essencea point-basedurfaceis a polygon meshwith the connecitrity informationremoved and
hencassometimesalleda“meshlessfepresentationPoint-baseduracesimplifymary geometric
opemtionssuchasediting,debrmation,surficecompletionandresamplingHowever, they require

more sophisticatedlgorithmdor othertaslsincludingnormal estimatiorandsurfaceextraction.

20



Animplicit surfacasde nedastheisosuraceof a3l scalafunction:

f (x;y;z) = constant

One adrantageof implicit surfacess their ability to representsurfacesof complex and changng
topolagy. Thus they are a natural choicein situationssuchas uid simulationwhetre topolagical
changesare common. When topolagical changesare not requied, implicit suracesmay be a
hindrancesincepreventingachangen topolagy canbediyY cult. Distanceandinside/outsideueries
are eY cientwith implicit suraces Often,the implicit functionrepresentshe distanceo the surface
so that the distancefrom a point in spaceto the surfaiceis computedby simpy evaluatingthe
functionat that point. With otherrepresentationglistancejueriesare more diY cult to implement

eY cientl.

| choosdriande mesheso represengeometrimbjectdor thereseachpresentedh thisdisseta-
tion over otheroptionsfor several reasonsOn the practicakide triande meshesre, in my opinion,
the simplestepresentatiorwith whichto work. They do not requile complex datastructuresfor
storage for displg, or for othertasks suchasnormal estimation.Becausef 31 scannes meshdata
isalundant. Triande mesheprovide the highestdegreeof compatibilitysinceary otherrepresen-
tation canbe convertedto atriangde mesh:polygonmeshesandsubdvisionsurfacesat ary level of
re nementcanbetriangulatedO’Rourke 2000, parmmetricsurficescanbe sampledn pamameter
spaceo geneateatriange meshatary resolutionjmplicitsuracesanbetriangulatedisingeY cient
polygonizationalgorithms[Lorensenand Cline 1987Bloomenthall99], andtriangulatedsuraces
canbe extractedfrom point-basedepresentationfCuressandLevoy 1996 Dueto this highlevel
of compatibilitythey are well suppoted by commecial software which facilitateghe geneation of

examplemeshesvith whichto testthe presentedlgorithms

Fom a technicalstandpointthe algorithmsin my dissetation dealwith the defbrmation of
geometricobjects Sinceeachtriande is a piecavise linearappraximationof the objects shae, it
is possike to extractthe eVectof the debrmationon a sinde triande asan aY ne transbrmation.
In contrast, a sinde aY ne transbrmation may not be alde to cgpture the changethat a geneal
polygonor entire NURB Srimitive undegoesduringdebrmation. At theotherextreme point-based

representationprovidetoo little informationto computesuchatransbrmationfor eachpoint. With
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implicit suraces the conceptof debrmationis ill-de ned sincethere is no clearcorrespondence
betweensurficesxtractedrom divVerentimplicitfunctions

On the other hand,someaspect®f usingtriange meshesre cumbesome. For example the
correspondencalgorithmin Chapter 4 relieson a compatille-closest-poirdomputation. EY cient
implementatiorof thisquely with triande meshesequiesprecomputingspatial-binningatastruc-
ture andperbrmingacomplicatedreadth- rstseachfor eachquery. Furthemore,theeY cieng of
thedebrmationtransér (Chater3, comespondencghater4), andmesh-baseadversekinematics
(Chapter 5 algorithmsdependon the number of verticesthat comprisethe mesh. Performance

sWerswith densef sampledneshes

212 ModelingTools

Oncethechoiceofhowto represengeometriobjecthasdheemmadetheactuakhgpeofthechaacter
mustbesculptedThisprocessnay involve creatingthe chaactersshgefrom “scratch”(sometimes
calledabinitio desigriZorin etal. 1997Kobbeltetal. 1998]) or modifyinganexistingversioncreated
eatier or acquiedby ascanner

Whenbuildingashaefrom sciatch,toolsfocuson the creationof smoothsuracesFor example,
geometrigrimitivessuchasspheesandcylinders canbe combinedo makemore comple shaes
NURBSpatcheganbe stitchedtogetherto form a smoothsurface ,andvariationatechniqueyield
smoothsurfaceghat interpolateuserspeci edcontrol points[WelchandWitkin 1992Sorkne and
Cohen-0r20d@]. Teddy oneof the mostwell knowvn reseach eVorts exploringnovel interfacedor
abinitio design,‘in ates” hand-davn sketcheso createsmooth3 shaes[lgarashiet al. 1999
Eaty workin modelingocusesn spacelebrmationghatgeneatelarge-scalehangeby modifying
only afew paametes Spacelebrmationsmermgewell with the shae designprocesssthey easy
accompliskcalegwists bendsaindothermodi cationgthatarerequiledwhensculptingromscatch.

Becauseftheincreasingrevalencef mestrepresentationsecentresearhfocusesnsculpting
toolsfor mesheghatprovidemore e xibility thanspacelebrmations Editingascannedeshentails
diVerentrequiementghanabinitio design Meshesicquiedwith 3 scannesare extremey detailed
andmay containhundiedsof thousandsr evenmillionsof vertices Wheneditingthesemesheghe
focusshiftsfrom creatingsmoothshaesto detailpresevation: low-frequeng changeso the mesh

shouldpreseve the high-fequeng details Detail presevation is a necessgrconsequencef the
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compleity of scannetheshesGeneatingabroadchangeén shgpeby movingevery vertexindividually
would betediousandineY cient. Mesheditingtoolsallow editsat diVerentfrequencieto becreated
more €Y cientl. Two major catgoriesof detail-peseving editingtechniquesre multiresolution
methodsanddiVerentialrepresentationsin this sectionl r stdiscusspacalebrmationsandthen

theseéwo mesheditingtechniques

Spacdeformations

Spacelebrmationsdebrm solidor suraceprimitivesby remappingthe spacen whichthe primitives
are embeddedThey canbe appliedto ary of the geometriaepresentationde nedin Sectior2 11
In 3, aspacelebrmationisde nedby aglobalfunctionU : R3! R3where

2

U(p) = U(p1; p2; p3) = §U2(IO1; P2; P3)
Uz(p1; p2; P3)

3
U1(pa; p2; Ds)é

Bar [199] isthe r stto usethistype of functionasa modelingtool. He refersto U asa “globally
speci eddebrmatiorf andproposeseveral examplesncludingfunctionsfor twisting,bendingand
tapering. Bar demonstateshow to constuct a chairusingsix primitivesandsezen bends These
debrmationsare still in usetoday andare incorporatedinto present-damodelingandanimation
software asso-calledhonlineardebrmers [Alias200h Figure 2-1 shavs several examplesof these
debrmations

Bar alsode nesa“locally speci eddebrmatiori to bethe3 3 Jacobiarmatrixof U:

2 3
@, @; @
@ @ @

_Q_8% @ @, @

TeTle @ o 23
Qs @3 @i
@ @ O3

ThematrixJindicatediow diVerentialvectos are transbrmedby the functionU. If somesurfaceis
embeddeth thespac@peiatedon by U andthevectort istangento thesurfacebebre debrmation,
thenthe vectorJtwill betangentto the surfaceafterdebrmation. If the vectorn is normal to the

surficebebre debrmationthenj JjJ 1> n is normal to the surbiceafter debrmation, where j |
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Figue 22 Manipulatinghe verticesof afree-brm debrmationlatticeinducesadebrmationonthe
enclosedpace.
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indicateghe deteminant. Bar alsode nesa procedue to convert alocally speci eddebrmation
of a primitive backto a global speci cationvia integration. Stating from somearbitrary origin
(the constanbf integration), the diVerentialchangesire integratedacrosghe primitive to nd the
globaldebrmedpositions Thisprocedue requiresJto actualy bethe acobiammatrixof somespace
debrmation. AsBar notes hisdescriptiorof debrmationis completey geneal. For thisreasonit
formsthebasi®fthedebrmationrepresentatiomusefor thealgorithmgpresentedh thisdissetation.

AlthoughBar’s global andlocal debrmationsare well suitedfor algéoraic opemtionssuchas
bendingtwisting,andtapering,hismethoddoesnot provideaninterfacefor more geneal sculpting
opemtions Fee-brm debrmation(FFD)is an altematespacealebrmationtechniquewith along
histoty in graphics In theoriginalformulationof SederberandPary [198F FFDisamappingfrom
R3 to R3 deteminedby atrivariatetensomproductBemnsteinpolynomial. A 3 parllelepipedattice
formsthe controlpointsof the polynomialsothatdebrmingthelatticepointsinducesdebrmation
on the enclosedspace. Figue 2-2 shavs an example. An important propety of FFD s that the
geneateddebrmationsare independentf the compleity of the objectbeingdebrmed. Sederbeay
andParry easy sculptarod into the shaeof atelephonéhandsetisingthreeFFDlattices

FFD hasbeenextendedin mary ways Greissmailand Pumgathoer [198Pextendthe original
formulationto trivariateB-SplinesCoquillat [199Dprovide an extendedsetof latticeswhile Mac-
Crackemandby [1996allow latticesof arbitrary topolagy. Hsu[199Pallonsthe userto manipulate
theembeddedbjectdirectly ratherthanindirectly viathelatticecontrolpoints Thechangén control
pointpositiongs sohedfor automaticail to matchthe surfacepointchange.

TheWIRESrameavork of SinghandFiume[1998bormrowstheideaof debrmationscontrolledoy
polynomialcurvesfrom the FFDsetting(whete the curvesare encodedstrivariatetensorproducts)
but removesthe tensorsetting. Instead pbjectgeomety is boundto curvesdravn on its surface.
Subsequemhanipulatiorof the curnvesinducesa spacalebrmationthatis appliedto the geomety

accodingto adistancdunction.

Multir esolutionMeshEditing

Multiresolutioneditingtechniquesllon the userto edit highly detailedmeshrepesentations As
opposedo spacelebrmationsmultiresolutiormethodsaddessneshdetaildirectly: theusershould

be alde to decideat which scaleo altera mesh. Detailsencodedn higherfrequeng bandsshould
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bepreseved. Multiresolutiormethodsachiee detail-peseving editsat varying scale®y geneating
a hierarchy of simpli ed meshegogetherwith correspondingletail coey cients When the user
changethemeshatacoaseresolution,ner scalaletailsare preseved. Theoriginalformulationby
Lounsbey, DeRose andWarren[199Fextendanultiresolutionanaysisbasean waveletsto polygon
meshe orderto achiee not only multiresolutioreditingbut alsocompeessiongontiruouslevel-of-
detail,andprogressredisplg/tr ansmissionT hisrepesentatioconsistefabaseneshtogethemwith
asequencefdetailcoey cientghatindicatehow to recavertheinputmeshfromrepeatedubdvision
of the base.Thisschemewersfrom two primary prodems First, sinceit is basedn subdvision,
the originalmeshmusthare so-calledubdvisionconnecirity or, equivalenty, besemi-egular. each
sub-egion of theinput meshthat comespondso a sinde faceof the baseneshmusthave the same
connectrity that resultsfrom repeatedsubdvision of the face. In order to edit arbitrary meshes
reseachess have proposedemeshingstrategiesto enbrcethe requiled connectiity (cf. [Ecket al.
19983 eeetal. 1998Kobbeltetal. 1998; BoierMattin etal.20d]). However, remeshingssometimes
undesied asit yieldsonly an appraximation of the original geomety. Secondpncethe desied
connectiity hasbeerachieed,low frequenyg editsarerestrictedo theverticesof thesimpli edmesh
atthe properresolutiorfor thatfrequeng. However, theseverticesmay not alignwith featuesthat

theuserwantsto change.

To addesstheseprodems Kobbeltand colleague$Kobbeltet al. 1998 Kobbeltet al. 1994]
proposegeometricsimpli cation(i.e.,smoothingasopposedo topolagicalsimpli cation. Discete
fairing[Kobbelt199Fis usedto createa smoothedversionof the meshwith the sametopolagical
structure. DetailcoeY cientsstore vertex displacementsetweenthe smoothedandoriginal surface.
Theauthoss proposeneditinginterfacewhichhasbeenusedoy mary subsequerdpplicationsThe
userselectanarbitrary suppot region onthe mesh or region of interest(ROI). The suppot region
will bemodi ed by the userwhile the restof the meshremainsunchangedNext, the usermarks a
handleegionwithin thesuppot. Thehandlecanbemanipulatedby theusery applyingtranslations
rotations or othertransbrmations Whenthe userselectshe suppot region, it issmoothedubject
to contiruity constaintswith the handleandthe remaindeof the mesh.DetailcoeY cientsare then
computed. Asthe handleis moved, the smoothedsuriaceis updatedandthe detailsare addedto
reconstuct the editedshae. Botschand Kobbelt[20@] extendthis methodto allov contiruous

controlof the meshcontiruity atthe handleandsuppot region borders.
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The ideaof usingvertex displacement® store meshdetailsis well explored. Zorin andcol-
league$199Fextendthe original multiresolutionmethodof Lounsbey, DeRose,andWarnren [199F
to usedetailcoeY cientsbasedn displacementsatherthan waveletsfor meshesith subdvision
connectrity. Guske, Sweldensand Schder[199Premove this restrictionin their work on mul-
tiresolutionsignalprocessing Guske andcolleaguef200Q andLee,Moreton,andHoppe[2000
developmeshrepresentationbasedn displacementectoss. Kobbelt,Baeuther andSeide[2000
remove therestrictionof any hierarchalstructure linking diVerentlevelsof detailin amultiresolution
framevork: eacHevelcanhaeanarbitrary vertex connectrity. Detailinformationisfoundby casting
raysfromverticesin onelevelto thenextto computenormaloVsets Byprovidingaparameterization
[Kraeroy and Shé/er 20@; Scheineret al. 20d] of one basemeshwith respecto a diVerent one
(with adiVerentgeomety and/or connecittity), the detailscanbetransémredto thenew mesh.This
form of transér precipitateshe expressiornransérwork of NohandNeuhmanriNohandNeumann
200] whichusesaparameterizatioro transér vertex displacementectoisfrom onefacemeshonto
another Thelengthandorientationof the vectoss are corectedusingheuristichbasedn the local

vertex neighborhood.

DiVerential Representéions for MeshEditing

The modelingtoolsdiscussedofar focuson the Cartesianrepresentatiorof geomety: ashapeis
de nedby theCartesiamosition®fitsverticesor controlpoints Sincahegoalof mary meshediting
applicationss detailpresevation, it is adzantageou$o representa shge in terms of thesedetails
DiVerential representationstore information aboutthe local shae propeties of a mesh,suchas
curvature, scalegndorientation.By representingameshin termsof thesedetails editingopeiators
canbedevelopedhatstrive to preseve them.

Perhgsthe mostwidely useddiVerentialrepresentations that of Laplaciancoodinateswhich
are alsoknown asdiVerentialcoodinatesor -coodinates (For detailednformation,seeSorkne’s
recentutvey [200h) Laplaciarcoodinatesvere r stusedoy Alexafor morphing[20@; 20@b; 2008]
andby Lipmanandcolleague0d] for meshediting. In thisframevork, ameshisrepresente@sthe
diVerenceof eachvertex andaweightedsumof its neighbos If the weightsare chosero bethe so-
calledcotangentveightgMeyer et al. 200Btheneach_aplaciarcoodinateappraximateghe surface

normalandmeancurvature. ThelinearopelatorL whichextractshe Laplaciarcoodinategromthe
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Catesiarrepresentatiorof a meshis a squae matrixwith onerow andcolumnfor eachvertex that
discetizestheLaplace-Belamiopeiatorfor triangulate@-maniblds[doCamo 19%]. Extractingthe
Laplaciarcoodinatesamountgo applyingthelinearopeiator (i.e.,matrixmultiplication),cornverting
backto Carttesiarcoodinatesnvolvesinverting L. Mesheditingisachieedby xing someverticesas
constaintscontrolledby theusemwhenreconstuctingtheCattesiarpositions ThismethodseY cient
sincethe resultingnormal equationsieedto befactoedonly once afterwhichthefactorizatiorcan

bereusedo reconstuctthe editedsurfaceviabaclsubstitution.

A persistentprodem with the Laplacianrepesentationts lack of rotation invariance. The
reconstuction procedue strivesto preseve the global orientationof the Laplaciancoodinates
and,therefore, to preseve the orientationof localfeatues Asa result,localfeatuesexperience
shearingn an attemptto maintaintheir global orientationwhenthe meshis reconstucted. More
naturaldebrmationgesultfromrotatingthefeatues Indeedthemultiresolutiormethodgliscussed
previousl achiee naturaldebrmationsoy computingdetailcoey cientan localframeghatrotateas
the surlicedebrms In Laplaciarediting,Lipmanandcolleaguef20d] sole the Laplaciansystem
andthen smooththe resultto obtainestimate®f the changesn surficeorientation. Then, they
explicitly rotatethe Laplaciancoodinateshy theseamountsandre-sole to obtainthe nal result.
SorkneandcolleaguelSorkneetal.20@; Lipmanetal.200&] nd theoptimaltransbrmationofeach
Laplaciarcoodinatewhichrequiledinearizatiorftherotationconstaintin orderto maintairalinear
reconstuctionprocedue. Yu andcolleague20@] extendPoisson-basegtadient eld manipulation
techniquesvhichhave provensuccessaf for imagemanipulatioriFattalet al. 20@; Péerezet al. 2003
Agarwalaet al. 20d] to meshediting. Asin the imagemanipulatioralgorithms Yu andcolleagues
sohe aprodemof theform

ref=r w 22

subjecto Dirichletbounday conditions In thisequationy 2f = % + %5 + @5 istheLaplacian
of f with respecto the threecoodinates<1, X2, andxs, andr w = % + % + % isthe
divergenceof the vector eld w de ned on the mesh. Theunknovn f representoneof the three
scalarcoodinatefunctionsde ned on the mesh. Discetizingthis patial diVerential equationfor
triande mesheteaddo thesamdinearopeatorL, andsolvingit nds themeshdebrmedaccoding
to theguidanceeld w [Sorkne 200% Thead/antageof the Poissorframevork isthatthe guidance

eld w may beeasieto specifjthandevisingaway to transbrm the Laplaciancoodinatesdirectl.
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Yu andcolleagueR20d] computethe guidanceeld by usinggeodesic® propagtetransbrmations
inducedby handlevertices while ZayerandcolleagueR200bproposeahamonic eld for computing
theguidanceeld more naturally.

Otherresearhes have seachedfor rotationinvariantmeshrepresentationsT he pyramidoaodi-
nate®f Shd&/kerandKraeroy [20d] are invariantunderrigid transbrmations In thisrepresentation,
only lengthsandandesare usedo representhe meshgivingit thedesiedinvariance However, the
algorithmto reconstuctthe Carttesiarrepresentatiorirom the pyramidcoodinatessnonlinearand,
in theirimplementationtoo slav for interactve meshediting.LipmanandcolleagueR006] present
ameshrepresentationnvariantto rigid transbrmationsbasedn the r standsecondundamental
formsdiscetizedfor triande meshesT hismethodalscstoresonly lengthsandandes However, their
reconstuctionalgorithmrequiresonly linearsoles First,alinearsystenissohedto nd thelocal
framesat eachvertex, andthenadiVerent systems solhedto reconstuct the Cartesiancoodinates
of the verticesfrom the frames The methodof LipmanandcolleagueR2006] aswell asthe Poisson
framevork [Xu etal. 200balsopemit shaeinterpolation.

Other adzancementin mesheditingaddessmore sophisticatedhodelingmetgphors Nealen
andcolleagueR200bprovide a sketch-basadterface. The usermarks the suppot region andthen
dravsasceenspaceurve thatindicateshe desiedchangen silhouette. Softpositionaktonstaints
are dervedfrom thiscurve andusedo sole aLaplaciarsystenfor the debrmedmesh.Llamasand
colleagueR00Bpresenttwo-handedhterfacefor derving 3 spacelebrmationswhilelgarashiand

colleagueR200b6] developatechniqudor debrming 2d shgpesusingamultiple-pointinputdevice.

22 Rigging

Afterthe shgeof achamlcterhasbeendesignedt mustbeinstumentedwith a setof controlsthat
allon the animatorto debrm the chamcterinto diVerentposes The modelingtechniquesliscussed
in the previoussectionare not appropriatefor animationsincethe numericalcriteriaemplged by
modelingtoolsdoesnot encodethe animators high-leel knowledgeabouthow a chaactershould
debrm. For example,when manipulatinga charcters leg, it shouldbendonly at the hip, knee,
andanke—notin anarbitrary location. The restrictedsetof meaningfulebrmationsdetemines

the meshkinematicsor how the meshverticesare allovedto move. The kinematicancludeshe
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animators semantiknowledgeaboutwhichdebrmationsare appropriatefor the meshin question.

Sincemodelingtoolsdo not addesaneshkinematicsa processalledriggings usednstead.

Duringrigging,achaactersshgeisaugmentedvith asetof controlsthatappraximatethe char
acterskinematics Thesecontrolsincludeboth grossskeletathangeghatdeteminethe chaacters
postueaswellasmoresubtledebrmationssuchasmusclébulgingandfaciakexpressionsTherigging
controlsare like the stringsof a marionette:they are usedby the animatorto makethe chaacter
move. Therigging processs oneof the mostimportant but alsoexpensie stepan the production
pipeline. Thesecontrolsdeteminethe nal shgethatthe viewer will see.Thus the qualityof the
debrmationsgeneatedby the chalacters rigging hasa tremendousn uence on the quality of the
nal animation.Furthemmore,sinceaiggingissoley responsile for debrmingthechaactersvertices
every nuanceof expressiorthattheanimatorequiesto convey the story—fromthebendingofjoints

to subtlefacialmotion suchasfurrowing the brov—mustbecgpturedby therigging controls

Themostcommonform of rigging is skeleton-subspadebrmation(SSD)whichis sometimes
referredto as‘skinning”or “enveloping.”Thisalgorithm althoughunpubishedjsincludedn almost
all animationsoftware paclagesand used,in someform, in most chaacteranimationgeneated
for Im, television,andvideogames Weber[2000 givesan excellentpracticalover of SSDAsthe
nameimplies SSDaddesseskeletadebrmationandbegins with the constuction of a kinematic
skeleton. A skeletonhasthe topolagical structure of a tree and consist®f a collectionof nodes
(“joints”) connectedy edgeg“bones”)that appraximateshe charcters true anatomicakkeleton.
Theskeletonsusualy built marually by the artist, althoughsomeautomatidechniquesxist[Wade
andParent 20@, KatzandTal 2003Liu et al. 2003Thorne et al. 20d]. The bonesof the skeleton
typically have a xed lengthandthejointsappraximaterealjointswith eitherone(e.g.elbawv, knee),
two (e.g.wrist, anle), or three(e.g.,neck,shoulderhip, waist)rotationaldegreesof freedom.The
skeletoncanbe posedvia forward kinematican which valuesfor the joint rotationsare selected
marually, or viainversekinematicsn whichpositiondor the endeVectos are speci edandthejoint

andesare foundautomaticayl [ZhaoandBadlerl99; Grochav etal.20@].

In orderto debrm acharcters meshusingSSDthe skeletoris r stplacedn abindposavhich
matcheghe kinematiccon guration of the mesh. Then,the meshverticesare associatedith the
jointsof the skeletorthrougha collectionof vertex weights Theseweightsndicatenow the position

of eachvertex shouldbein uencedby the postue of the skeleton A posedrertex positionisgivenby
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aweightedsumof its positionin thelocalframeof eachoint:

Y
V= wij MjBjvi; 23
j=1
where V; isthe posedoositionof vertex i, v; isits unposedosition,J representshe setof skeletal
joint framesM; isthe concatenationf joint frametransbrmationsfor the posedskeletorfrom the
rootto jointj, andB; isamatrixthatexpressetheundebrmedvertex in theframeof thejoint'sbind
pose.Thepammetemw;; indicateiow vertexi isin uenceby jointj . Theweightsor agivenvertex
aretypicaly restrictedo bepositive andto sumto one. Theinitial weightingmay becalculatedising
distancéneuristicsandsoftware paclagesftenprovide a “painting”interfacefor additionakuning

[Alias200% If theseweightsare caefully selectedagraduabendwill occuratthejoints

SSDformalizzesthe spacadebrmationsof Bar [194] (Sectior212) in a way that makeshem
appropriatefor kinematicanimation. Banr’s formulation includesglobal bendsparameteried by
bendingandeandbendingate. SSDromputesbendingransbrmationfor eactjoint parameteried
by ande (but not rate). The globalnature of Bar’'sdebrmations whichbecomesinmanagedé for
kinematicanimation,is tradedfor a hierarchicalstructure andexplicit weighting. The hierarchical
structure imposedby SSDallovs changen joints closeto the root to automaticait in uence the
extremities Theweightingallovstheuserto managevhichpatsofthemesharein uencedby which

transbrmations

Themainad/antageof SSOsspeedIn mostsituationsavertex will have nonzroweightsior at
mostfour joints Thus only afew matrix-ectormultiplicationsare requiredto computeeachposed
vertex position. Furthemore, this algorithmcanbe implementedentirely on commoditygraphics
hardware[Lindholmetal.20@; FemandaandKilgard 200B While SSOssimpleandfast,it isalsowell
known for artifactssuchasthe“collapsingelbav” (Figue 2-3. Unfortunatel, theusemay strugde at
lengthto remove theseartifactsandnever arrive atanacceptale result. No amountof weighttuning
cansole theseprodemssince,jn mary casesthe desied debrmationdoesnot lie in the spaceof
debrmationsspannedby the SSDalgorithm[Lewis etal. 200 Thisspacas unclearandnot easy
explored sincethe useronly hasindirectcontrol over the meshshape via the weights In response,
Mohr, Tokheim andGleichef200Bmakethetuningprocesgasieby visualizinghespac®f possike

debrmationsandalloving the userto directly manipulateverticeswithin thisspace.
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Figue 23 Anam mesh(Lefj isposedisingskeleton-subspagebrmation. SSDperbrmsthegross
skeletatlebrmationbut siMersfrom collgpsingartifactseartheelbov whentheam isbent(MiddIg
whichbecomemore noticeake whentheam istwisted(Righ}.

In order to geneate debrmationsoutsidethe spaceof thosespannedy SSD Lewis and col-
leaguef200pandSloarandcolleague0d] developahybrid methodthatcombinesraditionalSSD
with shaeinterpolation,allonving the userto sculptcomrectiongo the chaacters shgpeat arbitrary
kinematicposes During cha@actersetup the artist adjustshe joint parametes to posethe mesh
usingnave SSDThenthe shae of the meshcanbealteledusingany meshmodelingtoolsto repair
artifactslike the collgpsingelbav or to addmore detailssuchasmusclebulges Thesealterations
are stored andassociatewith the chaacters kinematicpose. During runtime, the hand-sculpted
changesre interpolatedusingradialbasisfunctionsbasedon the kinematiccon guration of the
skeleton.EigenSh [Kry etal. 20@ nds areducedasidor the alterationsthat canbe evaluated
on graphicshardware. While not usingSSDper se,Allen, Cudess andPopovic [20@] augmenta
skeletamodelwith displacementdervedfrom rangescan®f ahumantorsowhile SandMcMillan,
andPopovic [200Bcomputedisplacemenfsom silhouettanformationtakenfrom videoof anactor
Thesehybrid techniguesisethe skeletorto encgsulatehe meshrotationsandaddlinearoVsetsn
therotatedframes In thisway, they addesssimilarissuessmesheditingalgorithmgLipmanet al.
20@; Sorkne et al. 20@; Lipmanet al. 200&; Sorkne 200bwhichmust nd someway to compute

rotationssothatfeatuesaretransbrmedin anatural fashion.

The quality of SSDcanalsobe improved by addingadditionalparametes to the modelwhich
are automaticajl tunedto bestreproduceusersuppliedexamples With multi-weightenveloping,
WangandPhillips[20@] extendtraditionalSSDby alloving eachvertex to weigheachentry in each

joint framematrixindependemyl Thus every vertex hastwelve weightsperjoint ratherthanone.

32



They shav how to sole for theseweightsusingaleast-squas tting procedue sothattheresulting
debrmationsapprakimatea userprovidedtrainingset. Mohr andGleichef{200Baddessa similar
prodem. They usdraditionaSSagheirarticulationmodelbut augmentheskeletorwith additional
heuristicalt chosenoints assuggestebdy Weber[200]. Then,they useauserprovidedtrainingset
to sole for both the vertex weightsandthe bind posepositions Other methodsprovide diVerent

interpolationscheme orderto reduceartifactKavanandZara2003KavanandZara200h

Asanaltematie to SSDreseathes genealize free-brm debrmation (Sectior212) to addess
rigging andanimationprodems Chaadvick, HaumannandParent[198Pusea skeletorto in uence
thecontrolpointsof aFFDlatticein orderto induceadebrmationonachaactersmesh.Thislayered
approachin which the FFD latticeloosey representsnuscleandfatty tissueprecipitateghe more
involvedanatomicamodelgdiscusselelon. SinghandKokkeris[2000developahybriddebrmation
algorithmthat beas resemtanceto both FFDandmultiresolutionmodeling. A debrmer objectis
computedasa simpli ed appraximationof a chaacters mesh. The meshverticesare boundto the
debrmer objectbasedn Euclideardistanceafterwhich a changéan the shae of the debrmeris

propagtedto themesh.

Anotherimportant classof animationtechniquegxtendsFFDwith physicalsimulationto gen-
erate dynamicdebrmations Faloutsosvan de Panne,and Terzopoulos[199]provide a dynamic
genealizationof traditionalFFD[SederbegrandPary 1986 CapellandcolleagueR20@b] apply the
nite elementmethod(FEM)to a controllatticede ned usingvolumetricsubdvision[MacCacken
andby 1996 Thesameauthoss[Capelletal. 20@a] apply thistechniqudo skeletal-dvendebrma-
tion by usinga skeletorto infer constaintsin the FEMsinmulation. Thisallows traditionalskeletal
animatiorto geneatedynamie\Vects Cgoellandcolleague00bextendtheirwork beyondskeletal

debrmationsto acompletegphysical-basedigging system.

While procedual techniqguesuchasSSDcomputesppraximatedebrmationsvery quicky, more
realisticskin debrmationscanbegeneatedby modelinghe anatomicastructuresundeneathit ata
muchhighercomputationatost. Anatomicamodelsof the humanheador facialanimatiorhase an
extensve history. Kahler[200Bgivesahistoricakeview of thisliterature aspatt of hisdissetationon
thesubjectFor thehumanbody ChenandZeltzer[199Pdevelopaphysicaly-basednhodelof muscles
andcompaetheir sinulationsto realmuscleexperimentsWilhelmsandVan GeldefWilhelmsand

Gelder1997Wilhelms 199 presentan anatomicayl-basednodel of animalsthat includesbones
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musclesandtissue. Scheepearand colleague$199J develop a musclemodel of the humanam
andtorsa Teranandcolleaguef200Bfocuson numericalaspect®f musclesinulationin orderto
improve computationa€Y cieng. Theactualgeometricshge of the musclesandotheranatomical
structurescanbe createdby hand[Scheepetret al. 1997 Aubel and Thalmann20d], constucted
semi-automaticglto conbrm to the 3 shgpeof ameshWilhelmsandGelderl997Wilhelms199y7
Pratscheet al. 2005 or built from medicaldatasuchasMRI scangChenandZeltzer 199Por the
viside-humardataset[hongZhu etal. 1988Hirotaetal.20Q; Teranetal.200h

Someiggingmethodsely completef on shaeinterpolation.In blend-shpeanimationmotion
is geneatedby varying the blendingweightsin the linearcombinationof a collectionof example
meshemm topolagicalcorrespondencd& histechniquasastandad approacHor facialanimatiorthat
hasbeenusedfor twentyyeass [Lewis etal. 200% Its compatibilitywith modemn graphicshamdware
helpsto maintainits popularitytoda. The successf blend shaesfor facialanimationaswell as
methodghatbuild linear[BlanzandVetter 1999Zhanget al. 20@] or multilinear[Vlasicet al. 200p
modelsof facialexpressionsuggestthat facialdebrmationsare primarily linearin nature. Linear
modelffull bodyshaevariationarealsasuccessf[Allenetal.200Bbut requiramorecomplicated
representatioim orderto accommodatkinematiadebrmationgSecetal. 2003Anguelw etal.200h
Oneimportantpropety of blendshgeanimationisthatit canberetagetedontoanew chaacteroy
replacingeachshgewith acorespondingxampleof the new chaacterin the sameposeor making
the sameexpression. For example,Bregler and colleague$20@] develop a systemto cgpture 2d
catoonsequencassingblendshgeanimation.Retagetingtheanimatioronto adiVerentchaacter
requiresreplacingeachposeof the blend shgpe modelwith a drawing of the new chamacter They
alsodemonstatethatkinematiacdebrmationsof 2d graphicscanbereproducedisingblendshgesf
the spacas densef sampled However, whenapplyingtheir methodto 3 charctes, they opt for a

skeletatepresentation.

NgoandcolleagueR00Dpresentformalismoftheconcepbfrigging. They notethatthecon g-
urationspacef ashge—thespacespannedy its degreesof freedom(e.g. meshvertices)—contains
nonsensshgesin muchhigherpropotion thanmeaningiil ones They proposdo parameterie a
shgeby modelingpreciset theportion ofitscon gurationspacéhatismeaningdl. To representhis
subspacéhey useacrosproductof simpliciatomplexesvhichcanaccommodatarbitrary topolagy.

Eachvertex in thecomplexisassociatedith apointin the shgescon gurationspacePointsinside
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asimple indicateinterpolationvia Barcentricweights While Noh andcolleagueproposébuilding
the complex by hand,Kovar andGleiche{200] provide an easiemechanisnfor constuctingit in
whichthe useris askedo classifya serie®f dravingsasvalid or invalid. Oncethe compleis build,
theuserisfreeto selectry position(or sequencef positiongo createananimation)within it andis
gualanteedo getameaningdl result. Similaty, a SSDskeletoror otherrigging controldescribedh

thissectionsusedo paameteriethespacef meaningl meshdebrmations—theneshkinematics

2.3 Animaion

Oncea chaiacterhasbheenmodeledandrigged,it is readyfor animation. Animatinga chaacteris
the proces®f settingthe valuesof the rigging controlsover time in orderto createthe illusion of

movement. More stylizd motion is usualy createdusingkeyframingin whichthe rigging controls
are setat key momentsin time. The valuesof the controlsat in betweenframesare interpolated
by the computer Keyframinggivesthe artist full creative control over the resultinganimationbut,

asaconsequencépurdensthe artist with geneatingevery requiled nuanceof motion. Whenmore
realisticmotion is appropriate the movementof a realactorcanbe digitized in a motion cgture
studio Motion cepture retumsskeletamotionthatcanbeusedto debrm ameshvia SSDor other
skeleton-basetihging methods Physics-baseshimation,which entailssimulation of the physical
lawsthatgovem the charmctersmovement,cangeneaterealistianotionfrom spaseconstaintsand
genealize cgptured motion. However, the diY culty of controllingphysicalsinmulationscanposea
prodemwhenattisticrequiementsdemanda patticulareVect. Indeedjn both motion cgture and
physics-baseghimationtheartist givesup controlin orderto simplifythe animationprocessMuch

of theresearhin theseareadocuse®n regainingthe lostcontrolwithout sacri cingthebene ts

231 KeyframeAnimation

Keyframe animationextendsthe proces<f traditionalhand-davn animationto the computer
geneatedsetting.In traditionalanimationachaacterisdravn in key poseshat cgpture the overall
actionof the scenanditstiming. Oncethe key posease beenestalishedthe onesin betweenare
dravnin aprocessgptly namedinbetweening’[bhnstorandThomasl99b Ananalgousprocedue

isfollowedin computergeneatedanimation.Thevaluedor therigging controlsare setatkey points
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in time andthe valuesn betweenare computedby the animationsoftware. Splineinterpolationis
mostoftenusedfor thispurposesincet givesthe animatorcontrolover contiruity atthe keyframes
whichisnecessaito achieethe propertiming of movement.Whengeneatingkeyframeanimation,
ananimatorworks muchlike asculptor Firstthe grossmotionis mappedout by settingkeyframes
sg, for the globaltranslationof the chaacter Then, little by little, more detailsare added. The
animatorconstanyf “scrubs”throughthe motion geneatedsofarto getanideaof whatshouldbe
animatechext. Theendresultis uid movementwith both exaggeationsandsubtletieshat,if done
propety, maskihe delibeateintentionsof the animatorandmakeit seenasif the chaacterisacting

onitsown volition [bhnstonandThomasl99p

Becausef the strongcomrespondencketweenhand-davn andcomputergeneatedanimation,
it isno sumprisethatthe samefundamentaprincipleghatguidethe art of hand-dawvn 2d animation
apply to its A countepart. Lassetefl98Ferumeratesthe principlegerkectedby the Walt Disney
StudigbhnstorandThomasl 99b—squashndstretch timing,anticipationstagng,follow through,
overlap, slov in/ slowv out, arcs exaggeation,secondar action,andappeal—andescribebow to
apply themin the computergeneatedsetting.Althoughthe rootsof theseprinciplesare in art, they
are surprisindy applicalte to technicalesearhin computergraphics For example the principleof
squastandstretchsg/sthat objectan motion shouldbe attened or elongatedto emphasie action
andspeedHowever, the volumeof the objectmustremainconstanturingthesechangesBoththe
spacalebrmationsof Bar [194] andfree-brm debrmation[SederbeyandPary 198bdescribetdh
Sectior2.12 provide the facility to geneate squastandstretch. However volume presevation has
long beenandcontiruesto be anactve areaof researh [SederberandParry 1986Leeet al. 1995
Rappopot etal. 1996Hirotaetal. 1999BotschandKobbelt2003Angelidisetal. 20@.

Timing is a criticalaspecbf animationthat conveys weight, siz, speedresistanceandforce,
pemits anticipationfollow through,overdap, andreactionandeven suggestsood [Whitakerand
Halas20@]. In responséo the importanceof timing, reseacrhes investigteintuitive interfacedo
specifying. TeraandMetoyer[20@] developamechanisno re-timekeyframeanimatiorby “acting
out” thedesiedtimingusinga2d sketchingnterface.Thorne,Burke andvandePanng20@] provide
a completeauthoringsystenfor computergeneatedanimationbasedn sketchinghatincludesa
“cursivealphabétfor motionspeci cation.Tokensn thealphabetre mappedo keyframeanimation

sequenceshicharere-timedo matchthe speedvith whichthe curvesare dravn.
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Igarashi,Mosceich,andHugheq2008] presentanaltematve to tempol keyframingin order
to accommodatperbrmance-dienanimation.In spatiakeyframindey posesire associateaith
positionsn 3 spaceatherthanpositionsn time. Posesat otherpointsin spaceare computedising
radialbasignterpolation. An animationis geneatedinteractively by draving a paththroughthe 31
domain. Thismethodis quite similarto shage interpolationtechniqueshat allow the userto place
shaesat arbitrary locationsn an abstactspacgLewis et al. 2000 Sloanet al. 20d]. The spatial
keyframingmethodrestrictshe spacdo threedimensionandinterpolatetransbrmationsrather
thanvertex positions In catoon cgpture [Bregler et al. 20@)], a subsebf n hand-selectegkamples
from anexistinganimationform ann-dimensionapaceA paththroughthisspacéanalgousto the
pathdrawn interactively in spatiakeyframing)isfoundautomaticajt in orderto reproduceherestof
theanimation.Replacinghe n examplesvith n newv onesof adiVerentchalcterin the sameposes
retagetstheanimatiorto thenew chaacter Likewise replacinghe posesisedn spatiakeyframing
with onesof anew chaactemwouldretaigetany recodedanimationsreatedvith thismethod. ames
andTwigg[200bsolheaprodemsimilarto thatof catoon cgpturewhere debrmationsare controlled
by SSDratherthanshaeinterpolation.In orderto appraximateananimatiorprovidedasasequence
of meshposesacollectiorofbonesandSSDweightsarefound,aswellasasetof bonetransbrmations
for eachanimationframe. Thistransbrmationsequenceanbethoughtof asa “path” throughthe
SSDparameterspacanal@ousto the pathfoundfor catoon cgpture. However, the similaritiesdo

not extendto transér sincethere isno simpleway to transéraSSDanimationonto anew chaacter

The animators overarchinggoalis to imbue a chaacterwith personalityandstylein orderto
tell acompellingstory. The chaactershouldappearasif all of its actionsare the resultof its own
decisiong@ndthoughtprocessefd asseteR0d]. In the reseacth commnunity, two notable attempts
at creatingautonomouschamctes that actandreactundertheir own volition andwith their own
personalityandstyle(or appearto, atleastlare the Improv systenof Perin andGoldbeg [199Fand
the Gettie systenof Loyall andcolleague20@]. Thesesystemgresentauthoringtoolsto geneate
believale chalactesthatrespondo eachotherandto userinput accodingto their personalityand
mood while alays stgying true to the authors goalsandintentions In essencethesetools are
designedb createanautonomougsomputergeneated‘Kermit the Frog” or “BugsBunry” thatacts
appropriatey eventhoughthe puppeteenor animatoris not in directcontrol. Bothsystemgrovide

an animationcomponentresponsile for movementand a behaior componentthat encgsulates
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a chaacters personalityand decisionmaking process Improv usesa behaior scriptinglanguage
suitalbe for non-prgrammesthatallovstheauthorto craftcomplexnon-deteministicbehaior and
accountfor comnunicationwith other chaactes Gettie providesa more full-featued language

designedio processevaluate andreactto concurentaction.

NeVandFiume[200bprovideanaltemative authoringervironmentfor expressre animatiorthat
formalizsthe sepaationbetweenactiongsuchaswaving)andstylesothatthe two canbeauthoed
independenyl The sameactionwill be perbrmeddiVerently by chalactes authoedwith diVerent
styles Thissystenbuildsupontheauthoss’eatier work on modelingthe expressienessorveyedby
muscletensionandrelaxatiorfNeV andFiume20@), on interactve toolsto editthe actvationtime,
rangeof motion,andextentof jointsin ananimatedsequencfNeVandFiume200B andonexploring
expressievariationsn postue [NeVandFiume20@d]. While someofthesemethodsely ondynamic
simulation (discusselelav in Sectior233), they are includedhere to emphasie their focuson the

aesthetiaspectsf chaacteranimation.

ChiandcolleagueR00pdeveloptoolsto modifyanimatednotionbasean theoreticalresultsn
classifyingqqumanmovement. Motionsare modi ed basedn traitsin two catejories:éott involves
the level of tensionandcontrol, the sensef urgeng, andthe level of impact,while shapeatesthe
motion on beinghorizontal, vertical, and forward/backward. The authors develop algorithmsto

changexistingmotionsalongthesedimensions

Whenskeletaligging suchasSSDis used keyframeanimationinvolvesselectingandesfor the
joints of the skeletomat key pointsthroughoutthe animation. InversekinematicqIK) allovs the
animatorto posethe skeletorby directly positioningts extremities(e.g.,handsandfeet). Thejoint
angdesrequiredto satisfythe positionalconstaintsare foundautomaticayt [ZhaoandBadler194].
However, IK isaclassiexampleof anundedeteminedprodem: mary diVerentjoint con gurations
are valid possibilitieso meetthe users constaints In ary IK implementationsomemechanisnis
requiledto selecbneout of the mary valid con gurations Grochav andcolleaguef20@] propose
to resole thisambiguityin a way that respecta cha@acters style. Their systenusesa trainingset
of skeletaposego lean aprobabilitydistrikution function(PDF)over the spacef all poses Based
on thisPDF their algorithmselectshe mostlikely posethat meetshe usersuppliedonstaints By
usingatrainingsetwith example®fapaticularstyle thelK solutionwill exhibitthe samestylewhen

new posesre created.



232 Motion Capture

Motion captureisthe processfrecodingthetime-\aryingkinematioccon gurationof arealactoras
heor sheperbrmsataskor action. Modem motion cgpture technolgy [Vicon20@] usese ective
markes which are attachedo the actors body at variouspositions Cameasplacedaroundthe
workspaceare usedto recover the 3 positionsof the markes over time. From thesepositionsthe
joint andesof a kinematicskeletorare estimatedat eachframe. Theresultis ananimatedskeleton
perbrming the sameactionasthe actor Thus“motion,” in the context of motion cgoture, refers
to the recodedskeletabnimation. The strengthof motion cgpture is the relative easewith which
realisticmotion canbe geneated. The recodeddataexhibitsthe samenuancesand styleasthe
perbrmerwhichmakeghe motion appeamatural andbeliezalde. The dravbackof motion cgpture
isthe diY culty of modifyingthe dataonceit hasbeenrecoded. Motion cgpture datarepresentshe
exactactionperbrmedduringtherecodingsessiomandis appropriateonly for akinematicskeleton
thatmatcheshe propotionsof theactor Reseachin thisareafocuse®n genealizingthe cgtured
datasothatit canbeappliedin awidervarietyof situations TheseeVortsincludeeditingthe motion
cepture datato easy geneate smoothkinematicchangesver time, retagetingthe datato t the
propottions of a diVerent sizd skeletoncombiningsmallsegmentsof motion to geneate a wide
amray of comple actionsandmodifyingthe stylein whichanactionis perbrmed. In shot, justas
with triande meshesassoonasthe datais availalde, peoplewvantto editit.

Eaty work appliessignaprocessingechniqueso lter, displaceandwarp motion curves[Brud-
erin andWilliams1995Witkin andPopovic 199p Thesemethodgpemit simplekinematicchanges
suchasmakingawalking chaacterduckthroughadoorway, by addingsmoothdisplacement$iow-
ever, excessie work isrequiedfor complex alterations Gleichemusesanoptimaltrajectoy method
to editmotion cgpture data[Gleicherl99Fandretagetit to a new skeletorwith identicalstructure
but diverent limb lengths[Gleicher1998]. The optimaltrajectoy formulation (discussedlsoin
Sectior233 pemitsarbitrary constaintsatary pointin time andcanaccommodatenore comple
kinematicchanges However, the entire animationmust be soled for in one global optimization
proldem sothat the motion at eafier pointsin time cananticipateconstaintswhich will become
actie later Insteadf optimaltrajectoy, LeeandShin[199Pusea hierarchicalcurve tting proce-
dure that allows constaintsto be enbrcedwithout discontimiities Monzaniandcolleaguef2000

emplg anintermediateskeletorandanease-in/ease-optoceduefor constaints Le Callenneand
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Boulic[20@] demonstatehow to prioritize constaintsto avoid prodemsthatarisewith competition.
Whenconstaintson endeVectosare explicity de nedthroughouttime ratherthanbeingturnedon
andoVatdiscetemomentssolutiondbasedninversekinematicpemit “online” motionretageting
whete the outputis computedrame-ly-framewithout globalknowledgeof future constaints[Choi
andKo 2000 Shinet al. 20Q; MeredithandMaddock?200b Thesemethodsare especiafl usetil in
perbrmancedrivenanimatiorwhere future constaintsare not known. Gleichempresent&compe-
hensie overview of constaint-baseinematiomethodsncludingmuchof thereseacthdescribedh

thisparagaph[20d].

Themethodgliscussesbfararekinematidn nature. Superioresultareachieedwith algorithms
that emplg physicsto guidemotion adatation, albeitat a much highercomputationatost. The
useof optimaltrajectoy techniquesvith constaintsto enrcephysicshasbeenwell explored. Most
researh concentateson ways to managethe compleity of humanmotion [Popovic and Witkin
1999Liu andPopovic 20@, Sabnova et al. 20@; Abeet al. 20@; Sulejmanpst andPopovic 200h
Altematiesto optimaltrajectoy formulationsaredynamidrackngwhichemplg/sforward dynamics
to trackrecodedmotion in a physical realistioway [ZordanandHodgns 1999Nang S Pollard
200], dynamicltering whichmodi esrecodedmotionto increasehysicarealisn{Taketal. 2000
YamanendNakanura2003Shinetal.2003TakandKo 200} andforce-baseeditingwhichmodi es
estimatedorcesto achiee new goalgPollard andBehmaam-Mosaat 2000 Thegeneal approach

of physics-basezhimationsdiscussenh more detailin Sectior2.33

Motion editingandadatationmethodsgenealize speci cmotionsto meetnew constaints In
contrast, motion graph methodscreatenen motionsby resequencingxistingones[Kovar et al.
20@, Leeetal. 20@, ArikanandForsyth20@). Givenadatabasef motion cgture data,agraphis
formedby identifyingsegmentsof motion that canbe plausilty blended.A walk throughthisgraph
geneatescontiruousmovementby transitioningoetweenthe diVerent sggments The transitions
canbe computedusingalgorithmsfor motion blending[Perin 1995Roseet al. 1996 Park et al.
20@, Kovar andGleicher200B Givenamotion graph, speci cgoalssuchaspathfollowing canbe
accomplisheby seachingfor the propergraph traversal. Computingthe traversalinteractively may
requie precomputatioiLeeandLee20d] or caeful graphdesigriGleicheetal.200B Theexpected
gualityof theresultdrom usingagivenmotion graph for navigationin apaticularernvironmentcan

alsobeestimatedReitsmaandPollard 20d].
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Oneof the strengthsof motion cgpture is its ability to reproducehe nuance®f stylethat make
humanmotion look natural. Sincestylestrondy in uencesperception,it plays animportant role
in animation. Unuma, Anjyo, and Takeuchi[199pbdemonstate that adjustingfrequeng bandsin
recodedmotion canalterits perceved emotionalcontent. Rose,Cohen,andBodenheime[1998
explicity modelstyleby scoringcgpturedmotionsaccodingto their stylecontentandthenblending
betweenthem. BrandandHertzmann[200) andHsu, Pulli, andPopovic [2005developautomatic

waysto leamn the styleexhibitedin motion cgpture dataandthenretagetit to novelinputs

2.33 Physics-Base@haracterAnimaion

In physics-basethimationmotioniscomputedy simulatingthephysicalavsthatgorem movement
in the realworld. Reseath in this area strivesto geneate realistianotion suchthat a physical
replicaof the animatedbjector chaacterwould move in the sameway asthe computergeneated
version. Indeed,mary of the techniquegliscussedh this sectionhave their roots in the study
of robotlocomotion[Raibet 1986Raibet andHodgns 199l In physics-basemhimation physical
parametessuchasmassforce,velocityandtorquedetemineobjectmotionindirectly viasimulation.
ThediVerencebetweenthis scenari@andkeyframeanimationis obviouswhenconsidering simple
examplewhere a chaacterdropsa ball. In keyframeanimation,the ball will hover motionlessn
spaceinlesgsheanimatorexplicitly keyframests movement.In physics-basethimationtheballwill
fallto the groundunderthe forceof gravity andbouncebackup again. Simulationcanbeextremey
advantageousvhentheresultingmotion matcheghe users expectationsHowever, it canbejustas
frustratingwheneven a smallchangas requiled. The mappingbetweenthe sinulationinputsand
thegeneatedmotioniscomple, making ary paitticularchangeliY cultto achiee.
Althoughphysics-baseahimationfocuse®n realismandkeyframeanimationoftenfocuse®n
expressie andcaricatued motion, the two are not oppositesin fact,muchof the art of traditional
animatiorisgroundedn physics Whencreatingexpressieanimatiorby hand someofthepropeties
ananimatomustconsidemcludeanobjectsweight,how it will reactwhenaforceisapplied,nettia,
momentum feactiorforcesgravity, centerof massfriction,anddrag[WhitakerandHala20@]. The
expressienes®f traditionalanimationinvolvesundestandinghe physicalmovementof an object
andthendeliberntely exaggeatingthe essentigiropetiesof thatmovementto anextreme[Whitaker

andHalas20@).
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Thisstrongconnectiorto physicssevidencedn optimaltrajectoy methodsdubbed'spacetime
constaints”by Witkin andKasg1988 Thisformulation castsanimationasconstainedoptimiza-
tion where the trajectorie®f the chaacters degreesof freedomthroughoutthe animationare the
unknovns The usermodelsthe physicalpropetiesof the chalactersuchasits shgpe, masshow
it is articulated,and how it is actuatede.g.,by usingits musclego createtorquesat its joints).
ConstaintsonthechaacterspositionatdiVerentmomentsn time specifithegoalsof theanimation
andanobjectve functionsuchasenegy consevationindicateow the charactershouldaccomplish
the goals An optimizationprocedue automaticayl nds ananimationthat mustobey the laws of
physics that must satisfyall constaints andthat minimizesthe objectve. Witkin andKasg1988
demonstatethat, when optimaltrajectoy methodsare appliedto ballistianotion, principlesrom
expressre animationsuchassquash-and-stch,anticipationandfollow-throughnaturally emege.
Duringthe ight phasefajump, achaactersmotionisdeteminedsoley by itsmomentumandthe
forceof gravity. In orderto landin apatticularpositionthechaactermustanticipatehatgoalbebre
leavingthe groundandadjusthetaked/accodingy. Sinceoptimaltrajectoy methodssol\e for the
entire animationsequencat once,they are alde to resole this anticipationsuchthat constaintsat
ary pointintime canhaseaglobalin uence. Theoptimalway for anarticulated'Luxo” lampto jump
from onespotto anotheristo crouchdown in anticipatiorof the jump, propelitselfinto the air by
stretchingout its bodycomplete}, andthentuckin atlandingto absorlitheimpact. Furthemore, by
increasinghe masof the lampsbaseanexaggeatedversionof the jumpis createdvhere the base

appeasexcessiely heary [Witkin andKassL 988

The optimaltrajectoy formulation, while eéVective, haslimitationswith regard to complexity;
interactvity, andgoalspeci cation.Theoptimizationprodemis highly nonlinearandrapidly grows
in compleity with thenumberof degreesf freedomandthelengthof theanimation.Sincegheentire
animationis sohedfor atonce all constaintsandobjectvesmustbespeci edaheadf time with no
chancéor unexpectediserinteraction.Finall, whileasimpletasksuchasanenegy-conseringjump

iseasy speci edmorecomplicatethovement®r speci cstylesarediY cultto encodenathematicaji

In orderto copewith thenonlineamature of the prodem,NgoandMarks[1993romoteaglobal
seachthatexploresawiderrangeoftrajectoriesvhentryingto nd thebesione.Cohen199pdivides
the largeprodeminto small“windows” which cover smallerangesf time aswell assubsetsf the

charctersfull degreesof freedom.Thisreduceshe compleity andaccommodateasserinput since
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theentiremotionisnotsohedfor atonce.Otherreseathesmitigatethecompleity ofhumanmotion
usingasimpli edchaactermodel[Popovic andWitkin 1999 ahierarchicalwaveletrepresentatiomof
chamactermotion [Liu etal. 194], analtemative constaint formulation[Liu andPopovic 20@, Fang
andPollard 2003Abeetal.20d], or dimensionalityeductiorfSabnovaetal.20@]. Sulejmanpsicand
Popovic [200bdemonstatethat properscalingf the constaintequationsllovseY cientsimulation
of humanmotionwithout simpli cation,reformulation,hierarchicalrepresentationor reduction.In
orderto relieve the burdenof inventingan appropriateobjectie functionfor every desied clasof
motion,mary of theseandothertechniquefRoseetal.1996Popavic andWitkin 1999Abeetal.20@;
Sulejmanpst andPopovic 200baddessnotion adgtation(seeSectior2.32) ratherthangeneating
the motion from scatch. Liu, Hertzmann,and Popovic [200bdescribeéhow to lean the physical
parmametesof acharactersuchasitsmusclepreferencesrom motioncgture datain orderto geneate

physicaimotionsin diVerentstyles

A diVerent approachfor physics-basednimationcombinesiorward dynamicswith a geneal
control procedue, or controller that encgsulates desied actionor behaior suchasrunningor
balancingvandePanneetal. 1990 Thecontrollerexamineghe currentstateof the chaacter(e.qg.,
its kinematiccon guration, extemal forces etc) anddecideiow to apply torquesat the jointsin
orderto reacha desiedgoalstateor to satisfycriteriapertinentto the motion that the controlleris
designetb geneate. For exampleabalanceontrollermay decidgo apply torquego thechaacters
kneesn orderto adjustthe centerof masgWooten1998 A controllercanbethoughtof asamodel
of the chalctersinstinctuake exesthat producecoodinatedoody movementfor a paticulartask
[Popovic andWitkin 199P Controllesallow the chamcterto reactto unexpectedorcesthat might
begeneatedinteractively by theuser Work in thisareaisdervedfrom reseachin robotlocomotion
[Raibet 1986Raibet andHodgins 199[lwhete sensas on the robot provideinput to the controller
andtorquesareproducedy actuatos Raibet andHodgins[199Ipresensimulatedversionofactual
robotsthatthey built. A parallelcanbedravn betweenthissettingandthe“straight-aheadechnique
from hand-davn animation.Unlikekeyframeanimatiorwhere anentire sequences plannecahead
of time usingkey posesstraight-aheadnimationinvolvesdrawing one frameright afterthe next
in sequencgBlair199]. The animatormustdecideat eachframehow the shae shouldevolve in
orderto producethe desiedresult. In controllerdriven animation the controlprocedue makesan

analgouslocalchoiceabouthow to updatethe charctersstate.
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Controlles have beenhand-designeidr mary speci ctasls including,amongothers running
andvaulting[Hodgns et al. 199k bicycling [Bragan et al. 1998 leging, tumbling, landing,and
balancingWooten 1998 diving [Wooten and Hodgins 199% and svimming [Yang et al. 20@].
However, designingcontrolles by handis diY cult andrequiresa signi cantamountof tuning for
eachnew behaior andfor eachnew chaacter HodginsandPollard [199describenalgorithmto
automaticajt adat existingcontrol systemso new chailctes. In orderto developa more varied
repetoire of dynamicactionsresearh hasfocusedn composingimplecontrollesto createmore
comple aggegateactiongvande Panneet al. 1990Wooten1998Faloutsoset al. 200a; Faloutsos
etal. 200b]. Othermethodsaugmentorward dynamicsimulationwith motion cgpture to handle
impactcollisionandresponsgZordanandHodgins20@, Komuraetal.20@; Zordanetal.200band
to transitionbetweensinmulationandmotion cgpture [Shairo etal. 200B

Algorithmdorthecontrolofphysics-baseshimatiorarebothchallengngandespeciafimportant
since by the very natue of simulation,the animatorhasrelinquisheanuch of her control over the
resultingmotion. Popavicandcolleague000allow directmanipulatiorof rigid bodysinulationsat
ary pointduringtheanimatiortimeline. A nev motionisimmediate} foundthatmeetgshemodi ed
constaints Subsequenwork [Popovic et al. 200Bpravidesa motion sketchingnterfaceto design
rigid-bodymotionusingamouseor handgestues Kondg Kanai,andAnjyo [200bextendkeyframe
control to elasticobjects althoughthe resultingdebrmationsare only loosey basedon physics
For actuatecthailctes, simulationscanbe controlledby interactvely selectingrom a collectionof
prede nedcontrolles or by mappingthe degreesof freedomof aninput deviceto the chaacters
degreesof freedom[Laszlcet al. 2000 Zhaoandvande Panne200b Laszlo NeV, andSingh[2005
provide predictve feedbackhatlooks into the (simulated)future anddisplgsthe possike resultsof
controldecisionsFinall, arecentfocuson controlalgorithmdor uid sinulationallows uids to be
animatedasif they were charctes [Treuilleet al. 2003FattalandLischinsk20@; McNamaaet al.

20@; ShiandYu 200%
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Deformaton Transter

Shgedebrmationplaysacriticalrolein theanimatiorpipeline.Sculptingoolsare usedo debrm a
charcters shgeto matchthe artisticvisionof the designerRiggng controlsare createdo param-
eteriz the chamacters meaningfil debrmations andvaluedor thesecontrolsare eitherkeyframed,
cgtured,or sinulatedin orderto createcontiruousdebrmationovertime. Creatingthesedebrma-
tionsrequiesatremendousimountof artisticandtechnicakxpetise. Thevastamountof reseach
thataimsto assisthe userin eachof theseasls attestgo their diY culty Despitethe importanceof
debrmationsin the animationprocessndthe amountof artistry, skill, andtime requiredto create
them,there are few techniqueso helpwith reuse.Thework spendesigningdebrmationtypicaly

cannotbereusedfterits plannedipplication.

Deformationtransér—the contrikution discusseah this chgter—reusesary debrmationof a
souce meshby transéming it onto a diVerent target mesh[Sumnerand Popovic 20@]. Figue 31
shavsanoverview ofthetransérprocessThedebrmationofasoucemeshsspeci edby areference
poseS andadebrmedposeS where the meshtopolagy (numberof vertices numberof triandes
andconnectrity) remainghe samebut the vertex positionshave beenchanged.Given a matching
referenceposerl of atargetmeshwith adiVerenttopolagy, thegoalof debrmationtranséristo apply

the exhibitedsourcedebrmationto thetargetin anaturalway andproduceadebrmedtargetT.

Thisprodem presentsereral challengeswWheneditingtoolsare usedto sculptameshs shae,

they leave behindno peisistentistoly of the changethat have takenplace. The mary intermediate
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Figue 31 An overview of the debrmationtransér prodem. We are given a souce meshin both
areferenceposeS anda debrmedposeS. The challengeof debrmationtransér is to apply the
exhibiteddebrmation of the source onto a diVerent target meshT in orderto createa debrmed
versionof thetargetT.

opemtionsusedo arriveatthe nal versionareusualy discadedto conseve spaceAlthoughrigging
controlsoften de ne a procedual equationfor meshdebrmation, the procedue may dependon
mary parmametes The control must be specialied for eachchaiacters shae by caefully tuning
theseparametesin orderto achiee adesiedresult. The parametes selectedor onecharcterwill,
in geneal, not be appropriatefor another Re-tuningthe rigging parametesis likely to be justas
time consumingasstating from sciatch. The prodem is compoundedn the commoncasewnhere
several diVerent rigging controlsare usedin tandem. Designingautomaticadgtationmethodsfor
all formsof rigging andtheir combinatoriatombinationss impractical. Furthermore, other shape
debrmationsare not procedual in nature andinsteademplg comple numericalsinmulations In
light of the breadthof debrmation algorithmsusedin the animationprocessthe r st challenge
in the transér prodem is one of debmationrepresentationWe requie a representatiorof mesh
debrmationthatisindependentf the algorithmthat producedhe debrmationin the r stplace.ln
orderto bemaximaly geneal, it shouldnot dependn ary patticularmodelingprocedue or rigging

algorithm.
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Whendiscussinthe ideaof debrmationtransér, intuitively we know thatthe legsof the target
meshshoulddebrm likethelegsofthesource theheadfthetargetliketheheadfthesource thetail
like thetail, andsoon. However, currentgeometriaepresentationbase no concepof legs heador
tail. Sincemeshopolagy almostalwaysdiVersbetweenchagactes it isnot cleathow debrmationsof
onemeshshouldbetransémrredto adiVerentone. Thus thesecondahallengésoneof corespondence
We require somemethodto makeprecisethe mgppingbetweenthe souce andtargetandde ne
whichpatts of thetwo shgesshoulddebrm similaty.

The nal challengestransér Givenour representatiorof debrmationandof correspondence,
we mustdevelopan algorithmto transér debrmationsof one chaacteronto anothervia the cor
respondenceThe transér procedue shouldbe eY cientand broady applicalte to the variety of
debrmationsandcharctesusedn animation.Sincehere are mary waysto representebrmation
andto specifycomrespondencet is important to chooseonesthat are amenale to transér. My
solutiongo thesethreechallengearetightly coupledwith the sinde purposeof addingreuseo the

animationprocess

31 Deformaion Representéion

In order to reuseshge debrmationswe needsomeway to representthe debrmation that will
be transémred. This requiementis relatedto the issueof geometricrepresentatiordiscusseth
Sectior2 11 Here,however, we addesgshe cdhangin theshgpesgeomety, ratherthanthegeomety
itself. Therepresentatiorshouldbe geneal enoughto accommodat¢éhe wide variety of methods
usedn animationto createdebrmations A genealrepresentationvill allov ary debrmationto be
transémed,whereasassumptionmadeaboutthe form of the debrmationswill necessayillimit the

applicabilityof the overall method.

311 DisplacemenEelds

Onepossike representatioms adisplacementld thatencodeshe positionathangeof eachsource
vertex. Noh and Neumann[200] usethis approachto transér facialexpressiongrom one face
meshto another Eachexpressions encodedvith vertex displacementhat de ne the diVerences

betweenthereferencdaceandthe expressioriace.Expessionaretranséredby applyingthesource
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A. Source deformation. displacement vectors. deformation gradients.

Figue 32 Thetransér prodem is demonstatedon a bendingline. (A) A horizontal line is bent
downward andrepiesentghe souce debrmation. Vertex displacementare shavn in gray. (B) If
the displacementare copieddirectly to a shoter targetline, the resultis distotted in anunnatual
fashion.(C) Deformationtransér createsa more anatural resultby transéring diVerentialchanges:
the changen lengthandorientationof eachsggmentof the souceline is appliedto thetarget. (The
line shavn wasdebrmedusingmy system.)

displacement® the targetmesh. While thismethodworksfor the relatvely smalldefbrmationsof
faciakexpressionst doesotextendto thegenealcaseffull-bodyposesindeedptherdisplacement-
basedalgorithmsaccountor full-bodydebrmationin adomain-speci evay by, for exampleusing
skeleton-subspadebrmation[Lewisetal.200QSloaretal. 20Q; Kry etal. 20@)].

Thelimitationsof a displacement-basagproachare bestundestoodby consideringhe overall
goalof debrmationtransér. extractthe changen shae exhibitedby the souce andapply it to
the target. Changes mostnaturally representedasa diVerentialquantity Displacementencode
the changen Cartesiancoodinatesut do not indicatenow diVerentialvectors have beenmodi ed.
Consequentigllapplyingdisplacememnectosto anothesshgedoesiotpresevediVerentialchanges
Forexampleif achaactetbendstsarm attheelbow, displacemenectoisdonotdisceerthefactthat
theamm hagotated.Applingthesevectoisto anotherchaacterdoesotresultin rotation. Figue 32
illustratesthe failure of a displacement-basédnsér algorithmfor the simplecaseof a bending
line. NohandNeumann20d] emplg heuristicto mitigatethe artifactsseenn Figue 32B. Their
methodadagtsthe lengthandorientationof displacementectois basen diVerencesn localshae
propetiesof the referencesouceandreferencetargetfaces However thesecorrectionsare limited.
By consideringliVerential changesmy algorithmpemits the transér of large-scalelebrmations
without the needof heuristicsThelinein Figuie 32 Cisdebrmedwith my transérimplementation

andfaithfully reproducethe soucedebrmation.
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Figue33 A point p in
thereferencecon gurationis

mappedo thedebrmedcon-
gur ationby thedebrmation
(%)dp functionU. Likewise adivVer-
entialvectordp ismappedby
U(p) thedebrmationgradient%.
Reference Deformed
Configuration Configuration

312 Deformaion Gradients

Our objectve isto encodeshgpedebrmationusingadiVerentialspeci catiorsothatwe candevelop
areusealgorithmthat transérs divVerentialchangesContiruum mechanicsglealswith the behaior
of materialssubjectedo extemal forces[Lai et al. 1993 Becausesolidsdebrm whenunderload,
the eld of contiruum mechanicprovidestestedmethoddor representindargedebrmations The
so-calledebrmationgradientprovidesprecisel therepresentationve need.Consideasolidobject
in both areferencecon gurationanda debrmedcon guration (Figue 33. Pointsin thereference
con guration are denotedby columnvectos of their Catesiancoodinatesp = [p; p2 pa]”.
The positionof p afterdebrmation,denotedasp = [p1 p2 p3]”, is deteminedby the function
U:R3! R3sothat 2 3
U1(p1; p2; p3)
p=U(p) = g Ua(p1; p2; psé :
Us(p1; p2; p3)

@D

The debrmation of an in nitesimal vector dp within the solidis deteminedby the debrmation

gradient%. SinceU mapsfrom R3 to R3 andvarieswith position,its gradientis a second-ater

tensor eld: 2 3
@ @ @
@ @ @
VD_t @ a @
@ 8@ @& G (32
Q; @3 @s
@ @ @
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The debrmation gradientdetemineshow dp changessa resultof the debrmation U, yielding
dp = (%)dp. It encodeshe changen orientationscaleandskev thatdiVerentialvectoswithin a
solidhare undegone.Becauséhe debrmationgradientencode$othrigid rotationandstretching,
it isanappropriatechoiceto representhe largedebrmationsve wishto transér.

Equation32is the Jacobiammatrix of U, making this formulationidenticalto Bar’s[199] local
debrmationgdiscusseith Sectior2. 12 Bar useshedebrmationgradienin thecontextofgeometric
modelingn orderto updateangentandnormalvectosafteradebrmationhasbeenapplied.in this
settingthefunctionU isknown explicity andthe debrmationgradientata paticularpointisfound
by computingthe pattial dervativesanaytically andthenevaluatingthemat the point. Bar’'ssetup
limitstheclas®f debrmationgo thosethatare easy expresse@naytically suchasbendstwists and

stretchingalongprede nedaxes

SimplicialDissection

In the more geneal casevhere there isno anaytic formulation,U canbediscetizedviaasimplicial
dissectiorftriangulatiornin 2d or tetrahedalizationin 31) of the shge. Eachvertexi of thesimplicial
complexismappedby U fromitsinitial positionv; in theundebrmedcon gurationto itsdebrmed
positionV;. Sincgpointswithin eachsimplex are deteminedby alinearinterpolant,thedebrmation
gradienttensor eld is piecavise constantwith one constantensor] for eachsimplecj. These
tensosarereferredto asthedebrmationgradients Thus eachsimplex actdike adiVerentialvolume
whoseedgevectors(aswell asall othervectoswithin thesimple) aretransbrmedby itsdebrmation
gradient. In 3, every simple is a tetrahedron(tet) with four vertices If thesefour verticeshave
indicedi1;i2;i3;140, thenthedebrmationgradienttransbrmsthe threeindependenédgevectors

of thetetaccodingto:

Jvi, Vi)=Y,
Jviy Vi) = Vi, Y 33
Jvi, Vi)=Y,
We canrewrite thisexpressionn matrixform
\]Vj = Vj ; (34

50



wherethe3 3matrices/; and\7j containtheundebrmedanddebrmededgevectors respectiely,

ascolumns:
Yj = [\~/i2 \~/i1 \N/i3 \~/i1 \~/i4 \N/il]: @5
Vi = Wi, Vi Wi Wy B, T
By solvingequatior34for J we obtainaclosedorm expressiorfor the debrmationgradient:
-7 v 1
J =V, Vj : (36)

Geometricayl thecolumnsfJ arethebasisectoss(i.e.,edgevectos)of thedebrmedtet expressed
in theundebrmedtet'sbasisIf boththe undebrmedanddebrmedvertex positionsare knowvn, the

debrmationgradientsanbecomputedy evaluatingequation3é.

IsomormphicDissection

In contiruum mechanicghe debrmationof asolidisusualy not known apriori but insteadavolves
with timeaccodingto aphysicakinulation. Theprodemformulationinvolvesdiscetizinganobject
initsreferencecon gurationandthenperbrmingsomecalculatiorio detemineitsdebrmation.De-
formationgradientsare usedbecausthey provideaway to measue physicaljuantitiesuchasstress
Implicitin thissettingsacomrespondendeetweentheundebrmedanddebrmedcon gurationghat
allovsdebrmationgradientdo becomputedor eachsimplex usingequation36.

Our settingis diVerent sincewe stat with two shges: a meshin both a referenceposeand
adebrmedpose. We wishto encodehe knowvn debrmation of the bounday usingdebrmation
gradientsBut,sincedebrmationgradientsarede nedfor solidsthey donotimmediate} apply when
only thebounday isknown. Discetizingtheinteriorismore complicatedn thiscase Althoughthe
boundarie®f the two meshesre in one-to-oneorrespondencendependentetrahedalizationof
eachmeshwill notresultin correspondenceithin theirinteriors

Alexa, Cohen-OrandLevin [2000 addessthis prodem in the context of shae interpolation.
Giventhe bounday of two shgesin corespondencehey usedebrmationgradientso compute
interpolation sequencethat maximiz the local rigidity within the interior. In order to emplgy

debrmationgradientan this contet, the authos suggesainisomgehicsimplicialdissectiorof the
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two shages Thatis, their algorithm nds a dissectiorof the interiors of both shgpessuchthat the
resultingverticesandsimplicesare in one-to-oneorespondenceOncethe isomoiphicdissection
hasbeenfound, debrmation gradientscanbe computedfor eachcorrespondingpair of simplices
by evaluatingEquation36. In 2d, the two shaesare de ned by polygonsin one-to-ondounday
correspondencednisomoiphicdissectiomscomputedisingthemethodproposedby Aronoy, Seidel,
andSouwaine[199B In this algorithm,eachpolygonis r sttriangulatedndependeny] which can
alaysbeaccomplishedithout addingarny additionako-calle&teinenerticesin theinterior. Then,
both shgesare magppedto acornvex n-sidedpolygon (where n isthe numberof bounday edges$o
that the two individual triangulationsare overlaid on top of oneanother Any intersectionf the
triande edgesare computedn thiscon guration. Theintersectionsre then mgppedbackto each
of the original polygonsin order to yield the isomoiphic dissection.Alexa and colleaguegxtend
this algorithmto 3 for gerus zero triange meshes Both meshesre individually tetrahedalized
and mgppedto a convex n-sidedpolyhedron. Intersectionf the overaid tetrahedalizationsare
computedandthen mappedbackto eachmesh. In this case the intersectioncomputationmay
resultin four-, v e-,or six-sidedhgesthat mustsubsequentlbe tetrahedalized. Both2d and3d
isomoiphicdissectioralgorithmsrequie iterative re nementin orderto improve the quality of the
dissectiomandpreventnumericaprodemsin latercomputationsThere nementmustbeperbrmed

in suchaway thattheisomophismisnotinvalidated.

While isomoiphicdissectioprovidesonemethodto extractdebrmationgradientdrom bound-
ary representationst hasmary disadantageousWe are primarily concenedwith 31 meshesEven
without the requiementof isomoiphism,geneatingary soliddissectiomf a 3l meshisanontriial
taskandcomputinghigh-qualitytetrahedalizationgs an actve areaof reseach [Alliez et al. 200h
Dissectinga meshrequiresthat it be manibld andwatetight. This strict requiementis violated
by mary meshesisedfor animationin practiceandlimits the ultimate applicabilityof the transér
method.Mary tetrahedalizatiormethodnly appraximatetheconnecitrity of theinputmesh.This
complicatetheisomophicdissectiomlgorithmdescribe@bose sincat relieson one-to-ondéound-
ary correspondencdn fact,it isimpossilte to tetrahedalize sometriande meshegeventhoughthey
are manibld andwatetight) without modifyingthebounday [Shevchuk1998 Unliketriangulation,
tetrahedalizationusualy requiresaddingSteineverticeswhichmakest more diY cult to map the

shaeto a corvex polyhedron. The 2d isomoiphicdissectioralgorithmof Aronoy, SeidelandSou-
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vaine[199BaddsO(n?) additionalerticesfor ann-sidedpolygon. While no boundis provenfor the
3 extensionthe compleity of tetrahedalizationsuggestthatit will begreater The perbrmance
of subsequertomputationslependsn the numberof vertices soaddingextra onesisundesialde.
Reusingananimationnvolvestransérring the debrmationexhibitedin eachframe.If anisomoiphic
dissectiomustbecomputedor every new soucedebrmation theperbrmanceofrepeatedransérs
isgreaty reducedlsomorphicdissectiomoesnot scaldo multi-way dissectionsecauséhe number
Steinewerticesquicdy becomegrohibitively large. While transér only requiresthe pairwiseextrac-
tion of debrmationgradientsthe mesh-basedversekinematicsalgorithmdescribedn Chapter 5

requiesmulti-way extraction.

Bounday-Basedpproximaion

In light of thesediY culties | proposea bounday-basedlgorithmto appraximatethe debrmation
gradienttensor eld on atriange meshwithout the needto tetrahedalize its interior. Thismethod
compute®nedebrmationgradientfor eachtriande thatmapsthetriande’sedgevectosfrom their
referencecon gurationto theirdebrmedcon guration. Eachdebrmationgradientisa3 3 matrix
andthushasnine dggreesof freedom. Whenworking with a tetrahedalization,the imageof the
threeindependentet edgevectosunderthe debrmationfunctionfully deteminesthesedegreesof
freedom:eachvectorprovidesthreeequationsgiving ninein total. However, a 3 triangde hasonly
two independentédgevectors yieldinganundedeteminedsystenof equations Thesdwo vectoss
alonedo not estabishhow the spacgerpendiculato thetriangde debrms For the soucemeshthe
algorithmresolesthisprodemby explicity modelinghetransbrmationof the pempendiculaspace,

whilefor thetargetmeshjt nds theleastnorm transbrmation.

SouceDeformaion. Whenrepresentinghe soucedebrmation,it isimportantto hase control
over the transbrmation of the spaceperpendiculato eachtriande. Thisensuesthat portions of
thetargetmeshwhichare notin perectalignmentwill debrm appropriatef whenthe debrmation
istransémed. In orderto extractthe souce debrmation, we computea fourth “auxiliary” vertex

for every triande, essentiall promotingthe triangdesto tets If a triande’s verticeshave indices
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fiq;i2;130, weassigrihe new vertex index i 4 andcomputeits positionaccodingto

4=Vi1+q(Vi2 Vi) Mis Vi) @7
Vi, Vi) (Vig  Vig)

Vi

wherek kisthel2 norm. Thisformulaplaceshenew vertexin thepempendiculadirectionandensues
thatthepempendiculaspaceotateswith thetriande andscales propotion to thechangen triande
edgdength.Ananalg@ouscomputationsperbrmedto computehe positionof thedebrmedvertex
Vi,. With the auxiliay vertices the pertriande debrmationgradientscanbe computedn closed
form by applyingEquatior36. Thus thesourcedebrmationgradientensoreld isapprakimatedon
the surfaceof the meshwithout requiringdissectiorf theinterior. While the souceposesnustbe
in one-to-oneorrespondencehey neednot bemanibld, watetight, or of apatticulargerus Since
no dissectionms requied, thistechniquenaturally extendsto the casevhere mary debrmedsource

meshesire given.

TargetDeformation. Intheoriginalformulation[SumneandPopovic 20@], thetargetdebrmation
isrepresentedisingthe sameprocedue of promotingeachtriande to atet throughthe additionof
afourth vertex. However, addingextra verticesto the targetis disadantageousinceit increasethe
compleity of latercomputationgn the sameway thatadditionalSteinewerticesdoin anisomomphic
dissectionHowever, sincethe targetdebrmationis not beingtransémred, we only cae aboutwhat
actualy hgppendo thetargettriandesthemselesandnot the pempendiculaspaceThisallovsusto
derve anexpressiorfor the pertriande targetdebrmationgradientghat doesnot require an extra

vertex. If triandej hasverticeswith indiced i1;i2;i3gthen
JWj = W;; (38)

where W; and\fvj are3 2 matricecontaininghe two undebrmedanddebrmedtriande edge

vectolsascolumnsrespectiely:

Wj = [Vi, Vip Vig Vil

) : (39
Wj =V, ¥, Vi, V]



Figue 34 Theresultof the bounday-basednethodproposedn thisdissetationisvisualizdby the

red bounday line while the as-rigd-as-posdbinterpolation[Alexaet al. 2000 is visualizd by the

blacktriangulation.The bodyof the snakeandthe trunk of the elephantiebrm in asimilar locally

rigid fashionfor both methods However, the bounday-basednethodis numericaly muchsimpler
asit only considesthe bounday ratherthantheisomoiphicdissectioof theinterior.

Wewishto sole Equatior@8for J . Thisprodemisundedeteminedsince] isa3 3 matrixwith 9
unknowvns andW; ande areeach3 2 matricesgivingonly 6 equationsHowever, the minimum
norm solutionto the undedeteminedprodem canbefoundby computingthe QR factorizatiorof
Wj [GolubandLoan1998

2 3 2 3

R h | R
5= g Q 485=Qj Rj: (319

0

Rj isa2 2uppertriangulamatrixandQj isa3 3 orthogonalmatrix. Theminimumnorm J is
givenby

]=WRQ : (31}

In Figue 34, | compae my bounday-baseddebrmation gradientrepresentatiorto the full

isomoiphicdissectioproposedby Alexa,Cohen-OrandLevin [200Dfor 2d shaeinterpolation.The

detailsof thisinterpolationalgorithmare discussenh Chapter5in the context of mesh-basddverse

kinematics Theinterpolationsequencesingmy algorithmis geneatedwith no additionalertices

atafarlessecomputationatost.It behaesreasondly despitegnoringtheinterior.
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313 Summay

| proposedebrmationgradientsasa representatiorof debrmationbecaus¢hey naturally cgpture
diVerentialshge changesTo avoid the complity of isomophicdissectionl, developabounday-
basedappraximation of the debrmation gradienttensor eld where one debrmation gradientis
computedfor eachtriande. Eachof the pertriande debrmationgradientsencodeshe changdn
orientation,scaleandskeav inducedby the debrmationon that triande. Takenasa whole, the
debrmation gradientscanrepresentary meshdebrmation regardlessof its compleity or origin.
For the soucedebrmationwhere both the undebrmedanddebrmedvertex positionsare known,
Equation36 is usedto computethe debrmation gradientsusingan auxiliay fourth vertex. The
debrmationgradientshatencodeheunknovntargetdebrmationarerelatedo thetargetverticesoy
EquatiorB11 Thisrepresentatiogivespreciseontroloverthedebrmationofthespac@empendicular

to the soucetriangesandignoresit whenseachingfor adebrmedtargetshae.

32 Correspondence

The goalof debrmationtransér is to transér the debrmationsexhibitedby a souce meshonto a
diVerenttargetmesh.Conceptuayl the desiedresultis clear the headof the targetshoulddebrm
like the headof the source,the legsof the targetlike the legsof the souce,the tail like the tail, and
soon. A digital representatiorof a chaacterasa triange meshhasno conceptof head,legs or
tail. Evenif suchsemantignformationwere availalde, the relationshipf ner scaledetails—dan
to individualtriandes—would remainambiguousThus somemeanssrequiredto indicatenow the
soucetriangesshouldberelatedo thetargettrianges

Ifthemeskhstructureofthesouceandtargetisidenticabothatthereisaone-to-oneomrespondence
betweenthe souceandtargettriandes it isimmediate} clearwhich patts of the two shgesshould
debrm similaty: triande | in the targetmeshshoulddebrm like triande | in the souce. While
this settingsimpli esthe transér prodem, it isunrealisticandovery restrictve. Few meshesire in
one-to-oneorrespondenceith oneanother And,whenthey are, it isalmostceitainly the casehat
they were designedrom the stat with thiscorespondencasarequiement.

In orderto makedebrmationtransérapplicale in awiderangeof settingsmy transéralgorithm

doesotrequike one-to-oneorrespondencé hesourceandtargetarefreeto have divVerentnumbess
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of verticesandtriandes aswell asa diVerent connectrity. They neednot even hase the same
gerus

In orderto copewith thesadiVerencestheusemustindicatenow thesourceandtargetarerelated
to oneanotherby suppyingamappingM betweenthe souceandtargettriandes Thismappingisa

discetepairingof triandeindices:

M = f(s1;t1); (s2:t2); 1115 (Sjmjs timj) 9 (312

A pair(sj ; tj ) indicateghatthe targettriande with index t; shoulddebrm like the soucetriangde
with indexsj . Sincethere are norestrictionn M, thismappingallovstransémreddebrmationsto
originatefrom ary region of the soucemesh.In mostcasedV isageneal mary-to-many mapping,
but it canalsobebijective (one-to-on@andonto),suijective (onto),or not-onto Thus onetriande of
thetargetmay bepairedwith several triangesof the source,andviceversa.In fact,thisgeneality is
requiredto enalbe transér betweenmeshesf diVerenttessellations

For the remaindeof this chgter, we assumehat M hasbeensuppliedoy the user In the next
chapter, | describeny correspondencalgorithmwhichallovsM to beeasy geneatedby identifying

matchingfeatue pointson the souceandtargetmeshes

33 Transér

Afteradoptingdebrmationgradientdo represenimeshdebrmationandadiscetetriange pairingto
identifycomrespondenceave have all the necessaringredientdor transér. Our stratagy isto extract
the pertriande debrmationgradientdrom the souce, map themthroughthe correspondenc# ,
andusethemto reconstuct adebrmedtargetshae (Figue 35. To derie thisprocedue, we r st
considethecaseavherethesouceandtargethaeidenticameshopolagy. Thus thereisaone-to-one
triande corespondendeetweenthesourceandtargetwhichobviategsheneedor theexplicittriande
associationgivenin M with the undesstandinghateachtriande j of the targetshoulddebrm like
triandej of thesoure. Afterdevelopingthe algorithmin thissetting transér betweenmeshesvith
diVerentstructure only requiresaminor change.

The debrmation of the souce verticesfrom their positionsin the referenceposeS to their

positiondn the debrmedposeS is encodedvith onedebrmationgradientfor eachtriande. If the
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Reference

Source

Target

Figue35 Weencodasourcedebrmationwith onedebrmationgradienfor eachriandeandrelate
this speci cationto the targetthrougha usersuppliedriange corespondenceThe debrmation
gradientsndicatethe idealchangen orientationandscaleof the targettriandes This changas
visualizdin (A) by transbrmingthe edgevectosof eachtargettriande by onecorespondingource
debrmationgradientwhile xing thetriande’s positionin place.Sincedebrmationgradientsare a
diVerentialspeci cationthey do not encodehow thetargettriangesshouldbe positionedelatie to
their neighbos. Deriving the new positionsrom the source,asshavn in (B),givesa disconnected
shae. In geneal, it isimpossike to achiee a connectedneshby translatinghe debrmedtarget
triangdessinceconsistencrequirementsare not enbrced. Deformationtransér obtaingheresultin
(C) by solvinganoptimizationprodem for adebrmedtargetmeshwhosepertriande debrmation
gradientsare ascloseaspossite to the coresponding@nesof the source.

soucehasn verticesandm triandes Equation36isevaluatedncepertriande, yieldinganordered
setS= S ::: Sg9 of soucedebrmationgradientssuchthatj§ (thenumberof elementsn S) is
equako m.

Applingthesedebrmationgradientgo the targetshaerequiesthe complimentay opemtion:
giventhe targetreferenceposeT andthe setS, we wishto nd adebrmedtarget T where each
triandej 2 1:::m hasundegoneprecisef the changen orientationandstretchspeci edby § .
We refer to thisprocesssreconstuctionsincewe recorer the Cattesianrepresentatiorof the mesh
from the diVerentialspeci cationof debrmation. The reconstuction algorithmformsthe core of

debrmationtranseér.

331 Integration

Equation38 relateghe debrmation gradientto the edgevectorss of the targettriange bebre and
afterdebrmation: JW; = Wj . If we usethe vertex positionsof triande j in the targetreference
poseT to build W; andevaluate§ Wi ,thenthecolumnsof\fvj aretheedgevectossof triandej in
T—thedebrmedtargetposewvhichwewishto recaer. However, theedgevectoisthemselesdonot

providethe globalpositionsof the vertices In fact,becaus¢he debrmationgradientrepresentation
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storesonly diVerentialpropeties it isinvariantto translation.Therefore,we mustspecifythe position
of onevertex arbitrarily. Then,the positionsof the neighboringrerticescanbefoundby evaluating
Equation38 andaddingthe debrmedtriande edgevectoisto the xed position. By repeatinghis
procesicremental, all vertex positionanbedisceered. In essencehisprocedue integrateshe
diVerentialchangespeci edby eachdebrmationgradientover the meshandthe xed vertex seves
asthe constanbf integration.

This procedue is a discete version of the method proposedcby Bar [198] to recwover global
positionsfrom a locally speci eddebrmation. AsBarr notes it is valid only if the debrmation
gradientsare the gradientsof someglobalmappingof the domain. This conditionis necessarfor
pathindependencehenthediVerentialchangeare integratedover the mesh.If thisconditionisnot
met,thedebrmationgradientill beinconsistenandtherecareredvertex positionswill dependn
the patticular setof edgeshosenn the integration procedue. The meshwill have artifactswhere
partts of it do not “meetup” becausaeighboringerticeswere recaoered usingdiVerent paths The
debrmationgradientsn Sare aconsistentepresentatiof thesoucedebrmationbecausthey are
computedrom adebrmedsoucemesh.However, they are mostlikely inconsistenivith respecto
thetargetsincehetargettriandesdiVer from thoseof the sourcein siz andshge. For largemeshes
numericalprecisionpreventsan accuatereconstuction even whena consistensetof debrmation
gradientsssuppliedecausemallerrorsare compoundea@stheintegrationprocedue worksacross

themesh.Thus reconstuctionartifactsare unavoidabie with thisalgorithm.

332 Optimizdion

In orderto accuatel recarer adebrmedtargetmesh all verticesmustbe solhedfor simultaneoust
ratherthanoneatatime. Optimizationprovidesaframeavork to perbrm thiscomputationn away
thatpreventsprecisiorerror from accunulatinganddistributeserror dueto inconsistendebrmation
gradientsthroughoutthe meshratherthan concentatingit in one place. Sincethe debrmation
gradientsin S are inconsistentvith respecto the target referenceposeT, there is no debrmed
target T whosedebrmation gradientsperecty matchthosein S. Thus we treatS asthe setof
ideadebrmationgradientsandde neanew setT = fTy::: T;r;g of actuabnes Theoptimization
procedue nds thevertex positionsof T thatde ne the setof debrmationgradientsl whichare as

closeaspossite to theidealonesin S. Thiscomputations expressedy minimizingthe diVerence
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betweenthe matricespeci edin SandT:

j=1 | e

subjecto ¥ = c

SincesachTj,] 2 1:::m, canbeexpressedn termsof the debrmedtargetverticesVy : :: V using
Equation31] the minimizationis over thesedebrmedvertex positions The matrixnorm k kg is
the Frobeniusnorm, or the squae root of the sumof the squaed matrixelements In the objectve
function,thisnorm evaluateso zerowhenT; isequalto §. Thus minimizingthe sumover all |

nds the meshT whosedebrmationgradientsare ascloseaspossike to the idealones Becausegs
discussedatier, debrmationgradientsareinvariantto translationtherearein nitely mary solutions
to thisoptimizatiorwhichadmitthe sameaminimum: alltranslationsf oneoptimalsolutionare also

optimal. TheconstaintV, = ¢ xesthe positionof onevertex andmakeghe solutionunique.

Inthegeneal casavherethesourceandtargethave diVerenttopologies the correspondenamap
M indicatesvhichtriandesof the souceandtargetshoulddebrm similaty. It allovsusto propety

relatethedebrmationgradientsn Sto thosein T eventhoughj§ 6 |Tj:

(VRS i=1 (3]4)

subjecto V¥ = c

Thismodi ed objectve functionsumsover eachpair of comespondindriandesspeci edin M.
Solvingthis optimizationprodem nds the debrmedtargetverticesv : : : ¥n suchthateachtarget
triande hasdebrmedassimilaty aspossike to the comespondingourcetriande or triandes This
formulationallows transér betweenmeshesvith diVerenttopolagy sincethe corespondencmap
canencodethe propertriande associations|If one target triande comespondgo several souce
triandes the minimizederror will includethe sumof the norm of the diVerencebetweenthe target
debrmationgradientandall corespondingourcegradients The resultwill alwaysbe the overall

bestsetof verticestaking into accountll correspondences
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333 Reconstuction Error

Whentheidealdebrmationgradientgprovideaconsistentepresentatiof debrmationwith respect
to T, the optimizationprocedue nds a debrmed target shape where eachtriande’s changen
orientationandstretchexacty matchesheidealspeci cation.For examplejf we transérthe souce
debrmationgradientdackonto the samesourcereferencemeshsothatT = S, thendebrmation
transérperectl recorersthedebrmedsoucesuchthat T = S. If the pertriande gradientsn Sare
not consistentith respecto T, thenno debrmedtargetmeshexistswhosedebrmationgradients
in T matchthosein Sexactl. In thiscasetheidealdefbrmationisonly appraximated.Theminimum
foundwill beapositve numberthatrepresentsheerror incuredwhenreconstuctingthedebrmed
meshT from the setof soucedebrmationgradientsS.

Thisvalue,calledthe reconstuctionerror, indicateshow well eachtargetdebrmationgradient
matchesachcorespondingource debrmationgradient. However, sincethe targetdebrmation
gradientsare found via a leastnorm QR formulation and the source are computedby explicitly
modelingthe pempendiculaspacethe reconstuction error will alays be high. The optimization
correctly nds thevertex positionghatdeteminethein-plandransbrmationof eachtargettriange,
but it hasnocontroloverthetransbrmationofthepempendiculaspaceAsaresultthepempendicular
spaceomponenhever matchesThefoundvertex positionofthedebrmedtargetshageare comrect
sinceby de nition, eachtargettriande formsaplaneandthe transbrmationof spaceerpendicular
to thisplanehasno eVectonthetriande’svertices However, thevalueof theobjectve functionatthe
minimum isdiY cultto interpretwhenit includeshepempendiculaispacerror andisnotanaccuate
measue of the succesar failure of the transér procedue. We caneliminatethe pempendiculaispace
error in orderto obtainamore meaningfil measue.

Thiserroriseliminatedy modifyinghesourcedebrmationgradientso includeonly components
that transbrm the planeof the corespondindargettriande. Whenthe meshesre in one-to-one
comespondendgquatior813, thesoucedebrmationgradientS fortriandej isappliedto theedge
vectosoftheundebrmedtargettriandej via§ W;j . Theoriginalundebrmedtargettriandeandthis
new debrmedonecaturetheportion of § thatactsonthetargettriande’splane.Thus computing
the leastnorm debrmationgradientfor this undebrmed/debrmed pair usingequation31lyields
anew soucedebrmation gradient%0 specialied for the planeof targettriande j. The complete

equations:
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f=5WR Q" = §A: (315

Whenthe correspondencagp isused EquatiorB 1), theindicess; andt; are substituted:
_ 1 _ :
L = $WyR QG = Py (319

Thematrice®?, = W; R 1Qj> andPy; = Wy R, 1Qt>j seleconly the componentsf § andS,
respectiely, thattransbrm the planeof the targettriande and nd the minimum norm solutionfor
theremaindeofthe matrix.

With thesemodi cations the reconstuctionerror canbeinterpretedasa measue of how well
the souce debrmationis transémrredto the target. Lower reconstuction errors indicatethat the
soucedebrmationgradientswhenmappedhroughthecorespondenceyovidealargely consistent
speci cationof debrmation. In this case the debrmed target is expectedto mimic the souce
debrmationfaithfully. If the reconstuctionerror ishigh,the debrmedtargetpooily appraximates

thesoucedebrmationandartifactsare expected.

34 Numerics

Theoptimizationprodemin Equatior3Miswritten in anintuitive way. Theobjectve functionsums
the diVerencebetweenthe debrmation gradientsof eachpair of corespondingource andtarget
triandes Minimizingthis sum nds a debrmedtarget shgpe whosedebrmationgradientamatch
thecomrespondingnesof the sourceasclosey aspossike. However, whilethisformulationprovides
intuitionabouttheprodem, it doesotlenditselfto aneY cientsolution. Thus weexploitthelinearity
of thedebrmationgradientrepresentatiorno rewrite the objectve functionasalinearsystemin this

form, we canapply the manibld technique$rom linearalgdorato solhe the systeneY cientl.

34.1 Linearity

Theobjectvefunctionminimizedby debrmationtransérisbaseanthepertriande targetdebrma-
tion gradients Equation31Irelategshesegradientgo the undebrmedanddebrmedmeshvertices

Theundebrmedverticesvy : @ : vp areusedo build W; (whichisthenfactoedinto Q; R; ) andthe
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debrmedverticesiq ::: Vp detemine\fvj foreachriandej . Eachmatrixelemeninthedebrmation
gradientT; isalinearfunctionof thedebrmedverticesV; : : : Vn. Sinceherelationshipetweenthe
debrmationgradientsaandthedebrmedverticesislinear it canbeexpresse@salinearsystem.This
allovsusto developalinearoperatorfor atargetmeshwith n verticesandm triangesthatmagpsthe
debrmedverticesto the pertriande debrmationgradientsInverting thisopematorin aleasisquaes
sens@rovidesanequvalentformulationof debrmationtransér. To derive theseformulas we r st

packalldebrmedverticesandall debrmationgradientsnto two tall columnvectors

Thedebrmedverticesvq : : : ¥y, arestackedntoone3n 1 columnvectorx:

2 3 2 3 2 3
X1 Y1 21 2 «
1
X V4
X1 = .2 X2 = y.2 X3 = .2 X = § X2 z : (317
X3
Xn Yn Zn

Thus X1, X2, andxz are eachn 1 columnvectors containinghe x-, y-, andz-coodinatesof the
verticesrespectiely. The3n 1 columnvectorx staclsallthreesothatthex-coodinatesomer st,

they-coodinatesecondandthe z-coodinateghird.

Similaty, alldebrmationgradientsT 1 : : : Ty areunrolledandstackednto one9m 1 column

vectorf:
2 2 3 2 3
T1(; )> T1(2;2)” T1(3;)” 2 f
1
E TALY G Te) f3_§ T30 5 § f z
- . - . - 2 £
Tm(1;2)” Tm(2;:)” Tm(3;:)”

(319
ThenotationT; (k; ;) indicateshe k™ row of Tj, whichisal 3row vector Thusf;isa3m 1
columnvectorwhose r stthreeentriesare the threeelementsn the r strow of T4, secondhree
entriesare thethreeelementsn the r strow of T, andsoon. Thevectoisf, andfs are build in the
samefashionandstackthe secondandthird rows of the debrmationgradientsrespectiely. Finall,
fisa9m 1 columnvectorcontainingall unrolledandconcatenatedebrmationgradientsn the

prescribedrder.
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Giventhesede nitions the calculationT; = \ij Rj 1Qj> forj 2 1:::m canbereplacedy the
linearsystem:
Gx=f: (319

ThelinearopematorGisa9m  3n matrixwhosecoeY cientsdependon the targetreferencepose
verticesvy :::Vn andcomefromtheRj 1Qj> termin Equatior311 G isspasewith arepeatedblock

structure: 2 3
A

G:E A z: (320

A

The3m n submatrixA is spasewith threenonzroentriesn eachrow. Expandindequation319
revealghat A multipliesxq, xo, andxs to givef1, fo, andfs:

2 32
A

3 2 3
X1 f1
Por el-fel o
A X3 f3
Thisstructureindicateshatthecomputationssepaalein thespatialimensionindividualequations
(i.e.,rowsof G) involve only the x-coodinatesonly they-coodinatesor only the z-coodinatesand
never mix the coodinategogether Eachapplicationof A mgpsthe x-, y-, or z-coodinatego the
r st,secondor third rows (in vectorizdform) of the debrmationgradients The sepaability allovs
ustodenethen 3 matrixX = [x;1 Xo x3] andthe3m 3 matrixF = [f; fo f3] andwrite

Equation319in amore succinctorm:
AX=F (322

Deformation transér dealswith the casewhere the source debrmation gradientsare already
known but the debrmedtargetverticesare not. If we assumeagainthatthe souceandtargethave
thesameaopolayy, andusethe setof soucedebrmationgradientsS= fS; : :: Sg9to build F, then
Equatior322expressedebrmationtransérasasystenoflinearequationsAisbuild fromthetarget
referenceposel andX containghe unknowvn verticesof the debrmedtargetT. Solvinghissystem
for X nds T. Figue 36 shavshow to setupthelinearsystemAX = Fin thiscaseWhenthesouce

andtargetmeshesave diVerent topolagies only bookkeepinghangesre requiredto incomorate
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Figue36: LinearSystenConstuctionfor IdenticalTopology. If thesouceandtargethaeidentical
topolagy with n verticesandm triandes thelinearsystemAX = Fin Equatior322hasthestructure
shavn abovre. Eachtargettriandej 2 1:::m contritutes3 rowsto A. Theentriesin theserows
are the valuesthat multiply the debrmedtargetverticesin T; = Wj Rj 1Qj> (Equation31). The
coeY cientanthethreerowsfortriangej areshavn, wherethe6element®fthe2 3 matrixproduct
Rj 1Qj> are representedy the symbolsa, b, ¢, d, e, andf . Sincethistriange hasvertex indices
fiq;i2;130, thecoeY cientsare enteedinto columns 1, io, andi3. Eachgroup of threerowsof the
matrixFcontainsthetransposedou|c:ede‘brmationgradiemﬁ> thatrepresentsheidealdiVerential
changeftargettriande] .
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Figue 37. Linear SystemConstuction for DiVerent Topologies If the souce andtarget have
diVerenttopolagies thelinearsystemAX = Fin Equation322hasthe structure shavn above. Each
pairj 2 1:::jMj of corespondingource andtargettriande indicesin the mgp M contritutes3
rowsto A. Theentriesn theserows are the valueghat multiply the debrmedtargetverticesin the
equationTy, = Wtj R[j 1Qt>,- . ThecoeY cientdn thethreerowsfor pairj, (sj ; tj ), areshavn, where

the6 element®fthe2 3matrixproduc1Rtj 1Qt>,- arerepresentedby thesymbols, b, ¢, d, e, andf .

Sinceriandet; hasvertexindiced iy;i2;i39, thecoeY cientsareenteedinto columnd g, i, andisz.
Eachgroup of threerows of the matrix F containghe correspondingransposedourcedebrmation
gradienl?sj thatrepesentsheidealchangdor targettriandet; .
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the corespondenceap M into the constuctionof A, X, andF. Figue 37 describethesechanges
Subsequergquationslo not diVerentiatebetweenthe constuctionfor one-to-oneorrespondence

andthe constuctionusingM but are validfor both.

34.2 Solution

SinceA hasmore rowsthancolumnsthelinearsystenin Equation322is overdetemined. Thisfact
re ectstheconsistencrequiementdiscusseith SectiorB3 for anarbitrary (inconsistengetofideal
debrmationgradientsthere isno debrmedtargetmeshwhoseactualdebrmationgradientsnatch
them. However, we nd themeshthatmatcheshemasclosey aspossike by solvinghelinearsystem
in aleast-squassense Becauséhe computations sepaalde, the least-squasformulationcanbe

written asthreeindependenbptimizationprodemsfor the columnsof X:

min KAX; fik%; 121:::3
(323

subjecto \7L =¢

Thenotation?}, = ¢ indicateshatthei componenbf ¥y isconstainedo equatheit" component
of c. Equation323is equialentto the summatiorformulationin Equation313if the constuction
for identicaltopolagy is usedor in Equation34 whenusingthe constuctionfor diVerenttopolagy.
ThemultiplicationAx; computeshetargetdebrmationgradientd = fTq:: :TiTi9, thesubtaction
Ax,  f; subtactsthe actualtarget debrmation gradientsand the ideal source ones andthe 12
norm k k, perbrms the function of both the Frobeniusnorm andthe summation. Althoughthe
computatiorhasbeenreordered,the objectve functionin Equation323(or, more precisgl, the sum

of thethreeobjectie functionsevaluatego exacty the samevalueasin the summatiorformulation.

Equation323describeshreelineaty constainedquadatic optimizationprodemsthat canbe
soledsepaatel, oneby one. Eachsolutionisfoundin two stepsFirst,the constainedoptimization
prodemistransbrmedinto anequialentunconstainedone. Then,the minimum isfoundby taking

the derivative of the objectve functionwith respecto the unknovnsandsettingt equalto zero.

The constaint\”/i( =dis enbrcedby treatingthe constainedvertex asa constantatherthana

freevariabbe. If we assumewithout lossof geneality thatk = n sothatthe constainedvertex has
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index n, thenwe form the equvalentunconstainedoptimizationprodems:
n;in kA& fiKk3; i21:::3 (329

The modi ed matrix A is void of columnn and%; is void of elementn. The removed columnis
multiplied by the constainedvalueandsubtactedfrom f;, yieldingf, = f; ciA(:; n). Although
constainingone vertex is requiled in order to resole the translationinvariance ary number of
verticescanbeconstainedin thismanner Eachconstaintremovesonevariabbe from x; anddeletes
the columnin A that multipliesit. The resultof this multiplicationis subtiactedfrom f;. Vertex
constaintsgive limited control over the transér process For example,in Figure 34 (Sectior36),
constaintson the hoofsof agallopingcamelare usedo enbrcegroundcontact.

Oncethe constainedoptimizationprodemhasbeentransbrmedinto anunconstainedone, it is
solhedby expandinghe matrixnorm in the objectve function,taking the dervative with respecto
X;, andsettingthe dervative equalto zero. For notationalsimplicity the hats(*) are not includedn
thefollowing formulas All of the matricesandvectoss should however, be propety built to handle

ary constainedvertices

Expandinghe matrixnorm gives

kA fiki= (A% f)7(Ax f;)

=X KA X Kfi f7Ag f7f

(32
=X KA XK (fTA)” 7
=X KA 2¢Kf 71
Taking the deriativel of thisexpressiorwith respecto x; yields
d_c)j(i Xi> K AX 2X|> K f; fi> fi = 2KAx 2Kf;: (326
Finall, settingthe dervative equalto zerogivesthe normalequations:
KAx = K f;: (327

Minka [200pgivesathoroughdiscussionf vectorandmatrixderivatives
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Permuted A°A Lower triangular factor
«€,s,f nonz ero elements *€,»,f nonz ero elements s . *, Nonzero elements

Figue 38: The nonzro stucture of the matrix A°A for the lion meshfrom Figuie 3-1is shavn on

the left. The meshhas5000verticesand9,996trianges Onevertex constaintis used SoAA has
dimensiong,999 4,999 An entry apq in A'A is nonzroif vertex p andvertex g are neighbos

orif p = ¢ Priorto factorization A°A is pemuted usingMETIS [Karypis and Kumar 1998to

reducenonzro ll-in. BothA® A andthe pemutedversion,shavn in the centerhave 349Bnonzro

elementsThelowertriangularfactorof the Choleskyactorizationshavn ontheright, iscomputed
usingTAUCS[Toledo200Bandhas93232onzro elements Transérring a soucedebrmationto

thelion involvesperbrmingbaclsubstitutiorwith the factoedmatrixusingaright-handidederved

fromthesouce.

KAisann n spasematrix,where n isthe numberof unconstainedvertices An elementapq of

A Aisnonzroonly if targetverticesp andg are neighbosor p = q.

Care must be takenin orderto sohe Equation327¢€Y cienty. Becaus# A is symmetricand
positive de nite, we canapply Choleskyfactorizationandthen sole for eachright-handside by
reusinghefactorizatiorduringbaclsubstitution.In fact,sincehe element®f A dependnly onthe
targetreferenceposeT andcorespondencmap M, A A canbe factoed onceandreusedor ary
new soucedebrmation. Thispemitsanentire animatiorsequenceo beretagetedeY ciently since
thefactoedsystemsreusedo transérthedebrmationin every frame.However, navefactorization
will not preseve spasity in the factoed system.Asaresult,a permutationalgorithmmustbeused
in orderto reducenonzro ll-in. BotschBommesandKobbelt[200bdiscusshe perbrmanceof
possite matrixreorderingsaswell asmary practicalissueselatedto solvingspaselinearsystems
The nonzro stucture of A°A bebre andafterpemmutationaswell asits lower triangularfactorfor

thelion meshin Figue 31lisshavn in Figue 38.

| have experimentedwith three direct spase matrix sohers includingUMFRACK v4.1 [Davis
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200B PARDISGincludedwith Intel MKL v7.1[Intel 20@], andTAUCSv22[Toledo200B UMFFACK
perbrmsLU-decompositionyhile PARDISCandTAUC Sperbrm Choleskyactorization COLAMD
[Davisetal.20@] isusedor lI-r educingeoreringwith UMFRACK andMETIS[KarypisandKumar
1998isusedor reoderingwith PARDISCandTAUCS In my informalexperienceallthreepaclages
shav compaalde perbrmance.A recenttechnicatepot by Gould,Hu, andScott{200bprovidesa

formalcomparisorf theseandotherspasedirectsohers

35 Analtic Derivation

An appropriatespeci cationof debrmationis essentialo the successf debrmationtransér. The
choiceto usedebrmation gradientss motivatedby their applicationin contiruum mechanicso
representarge debrmationsthat includeboth rigid rotationandnon-rigd stretching. An approx-
imation of the debrmationgradienttensor eld on the surfaceof a meshavoidsthe dravbacls of
simplicialdissection. Sincethe souce debrmation gradientsare inconsistentvith respecto the
targetshae, reconstuctingthe Cartesianrepresentatiorof a meshfrom the modi ed debrmation
gradientds naturally expressedsa variationalprodemin orderto copewith the inconsistenciess
well aspossile precisiorerrors

In contrastto avariationaformulation,meshrepresentationbasedn equationsn strongform
producesuccessf resultdor mesheditingandinterpolation.Inthesanethodsthe Laplacesquation,
thePoissorequationprthe r standsecondundamentalormsarediscetizedonthemeshandsohed
to geneateaneditedor interpolatedesult(Sectior2 12). A closeconnectiobetweenthesemethods
anddebrmationgradientss discoeredby consideringhe contiruousanal@ of the reconstuction
prodemusedn debrmationtransér.

ThefunctionU : R3 ! RS2 de nedin Equation31mapspointsof anundebrmedsurface to

theirdebrmedpositions Thedebrmationgradienttensor eld % iswritten as

2
(r Up)”
g(r Up)” % (329

(r Ug)”

@\@

where the gradientsof the threecoodinatefunctionsUy, Uy, andU3 form the rows of the matrix.
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The debrmationtransér reconstuction prodem for identicalconnectrity in Equation313canbe

rewritten in contiruousform yielding:

2 3 3, 2 3,
27 (r Up)~ zZZ (rVy)” s

2
S
min (r Uy~ é g S é = min rU)” s é : (329)
S

(r Ug)” F (r Us)” % =

The sumover eachtriande in the original equationis replacedy anintegral over the surface. At
eachpointonthesuracethediVerencebetweenthe debrmationgradientanda“guidancdunctiory
expresse@dsamatrixcomposeof thethreerowsq , § , and% iscomputed.Theguidancéunction
correspondso the soucedebrmations Boththe debrmationgradientandguidancdunctionvary
with positionon the surface.Equationr329isequvalentto

7

min kr Up slk§+ kr U szk%+ kr Uz Sgk% ; (330

wherethe Frobeniushorm of thematrixisreplacedby the sumofthe Euclideamormsof threevector
expressionsSinceeachof the threetermsin the summustbe positie, the entire expressiorachiees

its minimum whentheindividualtermsare minimized:

7 7 7

mUin kr Up slk% min kr Uo szk% min kr Us 33k§: (33}

Thisdecompositiorsexpectesginceveknow theprodemissepaaldein thethreespatiatimensions

Eachof thesevariationaprodemshasacomrespondingtrongform [WeinstockL94]:
r2U1:r S r2U2:r S r2U3=r Sz; (332

where constaintsin the original formulation (Equation313 sewe asDirichletbounday conditions

onthepatial diVerentialequations

This dervation demonstatesthat the debrmation gradientreconstuction prodem canbe re-
formulatedasa Poissonequation. The Laplacianof the debrmation coodinatefunctionsmakes

up the left-handsideand the divergenceof the guidancefunction comprisegshe right-handside.

71



| Mesh | Vertices| Triandes | Exam Permutation& Per-pose
ple o )

Horse 8431 16843 factorization | computation
Camel 21,887 4384 Horse/Camel 043% 0.088s
Cat 7,200 1410 Cat/Lion 0.02s 0.024s
Lion 5000 9,996 Face/Head 0.693s 0.1@s
Face 20,299 58836 Horse/Hamingo 171s 011%
Head 1541 31620 Horse/Elephant 3593% 0.19Gs
Hamingo| 26907 52895 . _
Elephant| 4232 N6B Talde 32 Timing resultson a 32GHz Pentium IV

machine. The seconctolumnincludeghe precom-

Tade 31 The numberof vertices putationtimeto permuteandfactorA”A andthethird
andtriandesfor themeshesisedn columnincludeghetime to computeX” f; andsohe
theexamples forx;,i 2 1:::3, usingbacksubstitution.

A comparisorwith Equation2.2 suggestsin equivalencebetweendebrmation gradientsandthe
Poissonmeshediting method [Yu et al. 20@; Xu et al. 200k Undestandingthe preciserela-
tionshipaswell asary connectiongo other meshalgorithmsmay leadto improvementson both

sides

36 ResultsandDiscussion

To demonstateboththe succesandlimitationsof debrmationtranseér, | presentesultan avariety
of situations Examplesncludethe transér of key poseghat are primarily kinematicin nature as
well asthe oppositeextremeof completey non-rigd debrmations Posetransér naturally extends
to animatiorby transérring the debrmationexhibitedin eachframe.| challengehetechniquewith
charctesthatare more dissimilawhete forming anadequateomrespondencis diY cult. Finaly; |

shav thatdebrmationsthatdependn ne-scalesurficedetailsare poorcandidatefor my method.

Tale 31listsgeometrianformationabouteachmodel,andTalde 32 givestiming resultfor each
example Noneof thesouceandtargetmeshe# theseexampleshae the samenumberof vertices
triandes or connectrity. Deformationtransér is extremey fast. For example n the horse/camel
transér, the camelmeshhas21,88 Averticesyieldinga 21,886 21,886normal equationsnatrix (with
onevertex constaint). In thiscasereorderingandCholeskyfactorizatiorrequires0.43%econdsand

solvingfor eaclhretagetedoosetakesonly 0.088secondsn a32GHz PentiumlV machine.
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Figue 39: Deformationtransér copieshe debrmationsexhibitedby a soucemeshonto adiVerent
targetmesh.In thisexampledebrmationsof thereferencehorsemesharetranséredto thereference
camel,geneatingseven new camelposes Both grossskeletachangesiswell asmore subtleskin

debrmationsare successfly reproduced.

Reference

Source

Target

Figure 310 Catposesetagetedontoalion.

36.1 Kinemdic Poses

Figure 39 shavsdebrmationsof ahorsetranséredontoacamel.Thereferencenorsemeshshavn
in the gray bax, is debrmedinto se/enkey poses Thekey posesare primarily kinematicin nature,
althoughthey alsoincludemore subtleskin debrmationdike stretchingnearthejoints Theinputto
thealgorithmisthereferencehorsemeshthe serendebrmedhorseposesthereferencecamemesh,
andthe corespondencbetweenthe two referencemeshes Given this data,debrmationtransér
geneatesse/ennenv camelposedy transérming the souce debrmationsonto the referencecamel
mesh. Both the grossskeletachangesswell asthe more subtleskin debrmationsare faithfully
reproduced.Figue 310demonstatesa similarsetof debrmations Here, key posef a catare
retagetedontoalion. Evenextremechangesvhere the catliesdown andcursits bodyare perectly

matchedy thelion.
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Source

Target

Figue 311 Deformationtransér copieshe changin shae from the souceto the targetandthus
requiesmatchingreferenceposesIf the postue of the reerencemeshesioesnot match,theresult
isunnatually distoted. Thesamdransér with matchingmeshessshavn in Figure 39.

Sincedebrmationtransér copiesthe chang in shae inducedby the debrmation, the source
andtarget referencemesheshouldhare the samekinematicposewhen skeletadebrmationsare
retageted.If transérisappliedto referenceposeshatdo not match theresultsare undesialde and
distoted,asdemonstatedin Figure 311 Thisexampldncludeshe sameserensourceposessshavn
in Figue 39 but replaceshe sourcereferenceposewith onein whichthe horseslegsare bentand
tail, body andneckare arched. The output camelposesare unnatually distoted. Thisrestriction
limitsthe applicabilityof debrmationtransérto casesvhere matchingkinematigpose®fthesouce
andtargetare available. However, in mary casesthe source posesre geneatedvia someform of
rigging. The soucemeshcanbereposedisingthe rigging controlsto matchthe postue of agiven

targetshae. Soucedebrmationscanthenbecopiedontothetarget.

36.2 Non-rigidDeformaions

Whilethedebrmationsn Figues39and31Q0are primarily skeletain nature, Figue 312lemonstates
the eVectvenes®f debrmationtranséron non-rigd debrmations Here, the horsecollgsesasif it
were madeof arubbersheet.lts legsbuckie andits entire bodyfallsto the ground,foldingon top of
itself. Thedebrmationsare transémredto the camelandits bodybuckesandcollgpsesimilaty.

In Figuie 313 faciakxpressionefarealperson,acquiedwith a3 scanningystemaretransémred
onto a digital chaacter A greatdealof expressieness—especjaliroundthe eyesand nose—is
cagpturedandadatedto thetargethead. Thistype of transér might be usedwhenadigital stand-in

mustreplacerealactor or to map thefacialexpressionsf avoiceactorontoananimatedhaacter
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Figue 312 Thehorsedebrmation,collgpsingasif it were madeof arubbersheetjstransémredto
thecamel.
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Figue 313 Scannethcialexpressionare clonedonto adigital chaacter
Reference

8

=

3

- |

O)

" |
Output \

Figue 3X4: An entire animationcanberetagetedby transéring the debrmationin eachframeto
thetargetshae. In thisexample sixframedrom alongerhorsegallopanimationare transéredto
the camel. Becausdebrmationtransér is linear tempoial consistencin the souce debrmation
yieldsatempoially coheentoutputanimation.



Sincehescannedlataisin theform of facemask andthetargetmeshconsist®f anentire headand
neck,the mgppingbetweenthe souce andtargettriangesis not onto. Only a subsebf the target
triandes (thoseof the front of the face)are listedin the corespondenceThe debrmationof the

remainingargettriangesis minimizedby mappingthemto theidentitymatrix.

36.3 Animdion Retamgeting

Deformationtransér canalsoretagetdebrmationghatvary contiruousy throughtime. Figue 34
shavs a gallopgait transémedfrom the horseto the camel. An animationof the collgpsingmotion
from Figule 312is alsotransémedto the camel. In order to resole the global positioningof the
camelover time andto enbrcefoot/groundcontact| extractedthe positionsof onevertex on each
foot of the horseover time, perbrmedanoverall scalingo bettermatchthe largersiz of the camel,
andaddedvertex constaintsto matcha vertex on eachcamelfoot to thesepositions Deformation
transérthencopieghe horsedebrmationonto the camelwhile simultaneoust satisfyinghe vertex
constaints Becausdebrmationtransér is alinearopemation,tempoil consistencof the souce
animationandvertex constaintsresultsn atempoially coheenttargetanimation.

The useof constaintsin animationretageting bringsup anotherlimitation of debrmation
transér. Theoptimizationprodemisuniqueupto aglobaltranslatiorandrequilesatleasonevertex
positionto be speci edby the user Whenretagetingonly key posesasin Figues39 and310Q it
is easyto resole the global positionby xing onevertex in place. However, whenretagetingan
entiranimatiorsequencehepositionmustbespeci edateactpointintime. A positionatonstaint
speci edbnly duringselectethtervals(suchasduringgroundcontactill resultin “poppingartifacts
whenthe constaint becomesctive. Sincethe overall shge of the horseandcamelis similar it is
easyto derie appropriateconstaintsfor the cameby aglobalscalingpf the horsemesh.But, if two
meshebarevery diVerentpropotions it may bemorediY cultto formulateanacceptale constaint.

One approachto this prodem is to directy addessthe tempoil dimensionin the retageting
processn order to enbrce tempoml coheenceaswell asreducethe global positioningprodem
to the speci cationof positionalconstaintsonly during key eventssuchasfoot/ground contact.
Gleiche{199B] useghis approacho retagetskeletamotion to new skeletonsvith diVerentbone
lengths However, a formulation of debrmationtransér asan optimaltrajectoy prodem would

increasehe numericaktompleity of the optimizationconsideady.

[S)



36.4 DissimilarChamactes

| designediebrmationtransér for the casevhere there isaclearsemanticorrespondencieetween
thesourceandtarget. Anatomicall similarmeshesase anobviousmapping(i.e. legsto legs heado
headetc). | challengehisassumptiomy mappingthe horsepose®nto more dissimilachaactes
Figue 315shavstransérontoa amingo mesh.The correspondencis ambiguoussthe amingo
hasonly two legs no tail, anda beak. | map the amingo’s legsto the horses front two legs the
amingo’sbodyto the entire horsesbodyincludingits tail, andits beakto the horseshead.Building
this mappingpushegshe limits of the corespondencsystendescribedn Chater4. But, oncethe
correspondendeaseeradequatgispeci edthe amingofaithfully debrmslikethehorse.However,
areal amingo’s hipsbendin the oppositedirectionof a horses front hips which demonstatesa

reasorwhy debrmationtransér betweenanatomicajl diverentmeshesnay not beappropriate.

In Figure 316 | transérthe horsepose®nto anelephantnesh.Althoughthe horseandelephant
are both quadupedsboth the grossshge andthe topolagy of the two meshesre quite diVerent.
Theelephantasenomousear alongcurvedtrunk,and v etimesasmary verticesandtrianges
For thisexampleadiVerentmethodisusedo computethetriande associatiori&raevoy andShé/er
20d@]. Aswith the amingo, oncethepropercorespondendsspeci edthetranséralgorithmworks
well. Althoughthe geneatedelephantdebrmationslook plausilke, the horse/elephantransér
demonstateghatthe formulationdoesot preventself-intesectionsin the fth andseventhoutput

posegenlagedin Figue 317, theelepharistrunkintersectstsleg.

36.5 Detail-DependenDeformations

Whenthenatue of the soucedebrmationishighly dependentn speci cdetailof the souceshae
thatare not presenin thetarget,debrmationtransér perbrmspooty. Considethe 2d examplen
Figue 318 Thereferencesouceshaeis“in ated” to form acircle. Whenthisdebrmationistrans-
feredto asimilarbut diVerenttargetshae,theresultlooksnothinglikein ation. Figue 319shavs
ananalgousexamplein 3. In thetop row, the catmeshisin ated usinganonlinearalgorithmthat
attemptdo makeevery portion ofthemesHocally as at aspossite. Themiddlerow shavstheresult
of debrmationtransér ontothelion mesh.Thelion meshincreases siz andseemso in ate, but

doexotharetheballoon-likeeha@acteristicsfthe soucedebrmation. Thelion'sfeetbecomeoverly
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Figue 315 Horseposesngopedonto a amingo. The correspondences lessolbviousbecaus¢éhe
amingo hasonly two legs notail,andabeak.
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Source

Target

Output

Figue 316 Horseposesngopedonto anelephant.The elepharis enomousears andtrunk make
thecomrespondenceiY cult.

Figue317 The fth andserenthoutputposesrom Figuie 316areenlagedto shav thatdebrmation
transér doesot preventself-intesections



distotted,andotherpaitsof thebodyhae anexaggeatedangulappeaance Runningthenonlinear
in ation debrmerdirectly onthereferencdion meshyieldsaresultiruerto the soucedebrmation.
In bothFiguies318and319 debrmationtransérfailsbecausthe nature of thedebrmationdepends
on ne scalesurfacedetailsof the mesh. SincethesedetailsdiVer betweenthe souce andtarget,

directly transémring the changen souceshaeto thetargetdoesot producethedesiedresult.

00O 41

Reference Source Deformed Source Reference Target Deformed Target
(Cutput)

Figue 318 The2d souceshaeisin ated to form acircle. Whenthedebrmationistranséredonto
adiVerenttargetshae,the debrmedtargetdoesot appeatin ated.

Reference
)
e
>
3
Output from deformation transfer.
D
(@]
3
Output from nonlinear in” ation deformer.
D
(@]
3

Figue 319 (Top Thecatmeshisin ated usinganonlineaiin ation debrmer. (Middi¢ Whenthese
debrmationsare transérredto thelion meshthe outputappeasdistotedanddoesot cgture the
balloon-likenature of the souce debrmation. (BottornApplying the nonlinearin ation algorithm
directly to thelion meshreproducethe chaacteristicef the soucedebrmationmore faithfully.
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Comrespondere

DiVerent chamactes createdfor computeranimationrarely shae the samemeshtopolagy. Some
meshesequile a ne tessellatiorn orderto representsmallgeometricfeatues while others use
triangesmore sparindy to encodeatter regions Furthemore, large scalediVerencesnay existin

the grossanatomicastructure of two chaactes Becausef thesediVerencescorespondencesan
integral componenbf the debrmationtranséralgorithmdescribeth the previouschater. Reusing
existinganimation®nnew chaactesrequiessomeway to relatethemeshstructure of onechamacter
to the structure of another In this chater, | discussny solutionto the comespondencprodem

whichenalbesdebrmationtransér betweendispaatemeshes

The needfor correspondences not uniqueto debrmationtransér. In fact,it stretchesacross
numerougprodemdomainsn computemgraphicsandvision. Mary applicationsequieaone-to-one
corespondence meshstructure andresamplall input mesheso achiee the sameconnectity.
Thesegpplicationsnclude amongothers statisticamodelsof shgevariationin humanfacegBlanz
andVetter1999Vlasicetal. 200bor bodyshae[Allenetal. 2003SecandMagnenat-falmanr2003
Seocet al. 2003Allenet al. 20@; Anguelw@ et al. 200f shaeinterpolation[Alexaet al. 2000, shae
blending[Kraevoy and Shé/er 20d], andtexture anddetailtransér [Praunet al. 20d]. Nonrigid
registrationof 3 scansnust nd acorespondendeetweenpointsononescarandpointsonanother
[Anguele etal.20d@]. Multiresolutionemplg/scorrespondence relatedetailco€Y cientsbetween

diVerentlevelsof resolutionevenwheneachevel hasanarbitrary vertex connectrity [Kobbeltetal.
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20000 Expessioncloning[Noh and Neumann20d] requies comrespondencéetweena souce
andtargetfacemesh. In computervision,the correspondencprodem hasa long histoly rangng
from steeo imagng [Schasteinand Szlisk 20@] to objectrecaynition andretrieval [Beg et al.
2005

Becauseorespondencsaddessedn somary diVerentdomainsthere are avarietyof waysto
approachit. Perhgsthe mostformal methodis a parameterizatiorof two meshesvith respecto
eachotherin the form of a bijectie magppingbetweenall pointson onemeshandall pointson the
other Thisfunctionis referredto asa cross-pameterizatiorjKraevoy and Sh&/er 20d@] or inter-
suriacemapping[Scheineret al. 20d]. Techniqueso computesucha bijectionare robustto large
shaediVerencesaandrequire little userinput. However, they canonly be appliedwhena bijection
actual exists Thus the input meshesnustbe manibld andof the samegerus Thisrequiement
restrictgshecandidatefor debrmationtransér. For examplethecamemesh(Figue 39) haspierced
eals making it gerustwo andtherefore incompatite with the horse. Futhermore, both the horse
(Figue 39) and catmeshegFigue 310 hase connectrity “errors” that makethem non-manibld.
Unfortunatey, topolagical prodemssuchastheseare commonplacendlimit the applicabilityof

parameterization-basedhorithms

Templatetting isacommonapproachto bring meshesnto one-to-oneomrespondenciBlanz
and Vetter 1999 Allen et al. 2003 Seoand Magnenat-fialmann2003 Anguelw et al. 200 A
sinde templatemeshis constuctedthat appraximateghe featuesof a collectionof meshesot in
correspondenceFor example,if the collectionconsistof humanfacesthe templatecould be a
“generic’facewith grossfacialfeatuessuchaseyes nose andmouth but without detailsspeci cto
a patticularindividual. During tting, acopy of the templateis repeatedl debrmedto matchthe
shaeof eachmeshin the collection.Themeshesre discadedandreplacedy the debrmedcopies
of the template. Appling sucha procedue in debrmationtransér to bringthe souce andtarget
into one-to-oneorespondencsimpli estransér by obviatingthe needfor a corespondencmap.
However, changng the meshstructure may not be an optionin practicalsituationsdueto design
requilements In othercasestemplate tting may not be appropriatebecausef large disparitiesn
thesourceandtargetmeshshae. For examplejn Figure 313 the souceisa“facemask”comprising
only thefrontpatt of theface whilethetargetrepresentsheentirehead.Findingacommontopolagy

for thesewo meshesvould bediY cult.



A diVerent approach nds a setof discete corespondenceairs by solvinga combinatorial
optimizationprodem. A probabilistidormulationof this approachmaximizsthe joint probability
of all possike matchingpairs of pointsusinga modelbasedn localgeomety andthe proximity
of the matchedpairs [Anguel@ et al. 20@]. In computervision, corespondencesithin images
are foundusingintegerquadatic programming[Beig et al. 2005 min-cutandmax- ow algorithms
[Boykov and Kolmogorov 200], and beliefpropagtion [Sunet al. 200B The strength of these
formulationsis their expressieness A discete correspondencean expressarbitrary matchings
betweentwo shgesregardlessof topolagical diVerences However, combinatoriabptimizationis
diY cult to perbrm eY cientl. For example,integer quadatic programmingis NP-Completeand

domain-speci &nowledgemustbeincorporatedto nd anappraximatesolution[Beig etal.200h

In orderto be maximaly geneal, debrmationtransér emplgs a discete triande paringfor
correspondenceThe correspondencengp M, discusseth Section32, associatesiangesof the

souceandtriandesof thetargetby storingpairsof souceandtargettriande indices:
M = f(s;ta); (s2:t2); 05 (Sjmjs tjmj) O 4.

A pair(sj ;tj ) indicateshatthe targettriande with index t; shoulddebrm like the soucetriange
with index sj . Sinceonly triande indicesare involved, diVerencesn gerusor errorsin the vertex

connectiity poseno prodem. No restrictionsare placedn the typeof mappingthatM represents
It canbe, andalmostalWwaysis, a geneal marny-to-many mapping. A sinde targettriande canbe
includedin the mappingagainandagain, eachtime pairedwith a diVerentsoucetriande, andvice
versa. This e xibility allovs meshesf diVerentstructure andtessellatioto berelatedo eachother

Whenthe soucecontaindeatueswhosedebrmationshouldnot bereproduceabn the target, the
souce triandes canbe left out of the comespondencaltogether For example,the mgp usedto

geneatethe horse/ amingo transérin Figuie 315natcheshe horsesfront legswith the amingo’s
legsandsimpy ignoresthe horsesbacklegs Speciatourceindex tagscanbeusedto indicatethata
targettriande shoulddebrm accodingto somecanonicatiebrmationgradientsuchasthe identity
transbrm. Thistechniquds usedin the map for the face/headransér of Figue 313 Thetargets
faceismatchedvith thesourceface whiletheremainingargettriangesthatcomprise¢herestof the

headandneckare pairedwith theidentitytransbrm sothattheirdebrmationis minimal.
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Figue 41 Anoverview of the corespondencgystem(A) Theuserselectsnarkerpoints shavn as
yellow circlesonthesourceandtargetcharactesthatindicatenatchingeatues (B)Usingatemplate
tting algorithm,the camelmeshis debrmedto matchthe shae of the horsewhile preseving its
original meshstructure. (C) Oncethetwo meshe$iave asimilarshae,adiscetecorrespondencis
computedoy seachingfor pairsof souceandtargettriangeswhosecentroidsare in closeproximity.
Afterselectingnarbitrary colomap for thehorsemeshthediscetemappingisvisualizdby assigning
eachcameltriande the color of its comespondindnorsetriande. If acameltriande correspondso
multiple horsetriandes only oneisusedor thevisualization.

While the format of the source/target corespondences discete, the algorithm| proposeto
computeit usesatemplatetting procedueto nd acontiruousdebrmationof onemeshinto the
other The souceandtargetmesheplay the rolesof templateanddestinatiorduring tting. An
iteratedclosespointalgorithmwith regularizatiorcontrolledby userselectednarkerpoints ts the
templatemeshto the destinationln thisprocesghetemplateretaingts original meshstructure but
itsverticesare movedsothatitsshperesemktesthatof thedestinationThedebrmedtemplatanesh
providesan appraximateparameterizatiorof the templatewith respecto the destinatiorsinceeach
templatevertex ismappedto a positionin spacaearthe destinatiorshge. Oncethe debrmationis
computedtriande pairingsn M are foundby seachingfor templateanddestinatioririangdeswhose
centroidsarein closeproximity. Threshold®ndistancendsurfacepropetiesgive additionatontrol
overthe nal triande pairing. Thecorrespondengerocessssummariedin Figue 4-1 Thetemplate

tting andtriande pairingalgorithmsare describeéh more detailin the following two sections
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Findingthe corespondenceap for two new chailctes usingthis procedue is an interactve
processhat requiesaboutonehour of auserstime. Typicaly, the userbegins by addingmarker
pointsat obviousfeatuessuchasthe feet,handstail, joints andface.Onceaninitial setof markes
ischosenthecomrespondencgystenexecuteshe tting algorithmandcomputestentativetriande
pairing.Theusercanjudgethe qualityof theresultingcorespondencengp by visualizinghe paired
triandesasin Figue 4-1C or by examiningthe resultsof debrmationtransér. The corespondence

of regionsthatexhibitartifactscanthenbere ned by addingadditionaimarkes

4.1 Templde Ftting

The r ststagen dervingacomrespondendeetweenthesourceandtargetmeshesgsatemplatetting
procedue that debrms one mesh,calledthe template to matchthe shae of the other, calledthe
destinationTherolesofthesouceandtargetastemplateanddestinatiorare interchangeds. Either
thesoucemeshisdebrmedto matchthe shageof thetarget,or thetargetisdebrmedto matchthe
shae of the source. The choiceof whichmeshseresastemplateandwhichasdestinations left to
theuser In mary caseghe meshwith more verticesmakesmore suitalbe templatesincet hasmore
degreesof freedomwith whichto expressdebrmation.

Thetemplatetting algorithmsolesa minimizationprodem similarto the oneusedfor debr-
mationtranseér, but it is designedo debrm one meshintothe other, ratherthandebrmingit like
the otherdebrms The usercontrolsthe debrmationby suppying a setof markerpointsspeci ed
aspairs of templateanddestinatiorvertex indices Eachpairindicateshat the templatevertex, after
debrmation, shouldmatchthe positionof the destinatiorvertex. Thesemarkes are enbrcedas
constaintsin the minimization.Theobjectve functioncontain®neterm thatenbrcesdebrmation
smoothnes®nethatpreventsoversmoothingandonethatmovesthetemplateverticesto thesurface
of the destinatiormesh. Theseermsare similarto thoseusedby Allen, CudessandPopovic [200B
for registeringhumanbody shgpes However, the optimizationl presentuseshe samenumerical
framevork basedn debrmationgradientsemplgedby debrmationtransér.

Similarto the procedue followedby debrmationtransérin SectiorB3 weletT = fTq::: Ti7i9
bethesetof pertriande debrmationgradientghatde nethetemplatemeshdebrmation. Deforma-

tion smoothnes< g, indicateshatthe debrmationgradientf adjacentriandesshouldbeequal:
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Here,adf] ) isthesetoftriandesadjacento triandej andjadjj )j isthenumberofadjacencie®Note
thatthisterm is minimizedwhenthe changen debrmationacrosshe surface, andnot the surface
itself,issmooth.For exampleregardlesof thesuricesmoothnessry aY netransbrmationapplied
to alltriangesminimizesEg.
Deformationidentity E, , isminimizedwhenall debrmationgradientsare equalto the identity
matrix:
'y
Er = 0T g (43
j=1
Thisterm preventsthe optimizationfrom geneatinga drasticchangan shaein orderto achiee
optimalsmoothness
Theclosesvalid pointterm, E ¢, indicateshatthe positionof eachvertex of the templatemesh
shouldbe equalto the closestwalid point on the destinatiormesh. Assuminghe templatehasn

vertices thisterm hastheform:
X

Ec= % aii% (44
i=1
In this equation,g; is the closestalid point on the destinatiormeshto templatevertex i. When
computingthe closesvalid point, vertex normalsof the templatemeshare compaedwith triande
normalsof the destinatioomeshandadiVerencen orientationof lesghan90 indicatesvalidpoint.
Thisvalidity testresultan bettermatchesn regionssuchasthelipsor ngerswhere oppositdacing
surfaicesarein closeproximity.

Care must be takento implementthe closestalid point query €Y ciently sincea nave imple-
mentationthat testsevery triande greatly retadsthe perbrmanceof the comrespondencsystem.
Becaus¢he validity requiementis binary, it cannotbe incorporatedinto a distancemetric Asa
result,standad closest-poinalgorithmsare not applicalte. | usea grid-basedpatiabinningalgo-
rithm to acceleate the closeswalid point computation. A 3 grid of xed resolutionis built that
surroundsboth the templateanddestinatiormesh. The triangesof the destinatiormeshare scan

convertedinto thegrid by storingin eachcelltheindicef all triandeswhoseboundingoox overaps

the cell. A hashtalde allows eY cientstorageof the grid contents To perbrm a quetry, a breadth-
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Figue4-2 In orderto perbbrm theclosesvalidpointquely €Y cientl, thetriandesof thedestination
mesh,shavn on the left, are scanconverted into a 3 grid. The occupiedyrid cells shavn on the
right, are representedisinga hashtalde. A closesvalid pointisfoundby perbrmingabreadthr st
seachof the grid datastructure stating atthe quety location.

r st seach over the grid is initiatedat the cellin whichthe quely locationresides Aseachcellis
encounteed in the seach, the closespoint on every triande whoseindex is stored in the cell to
the query locationis computedandthe validity of this pointis tested.If the validity testpasseand
the distances smallerthanthat foundin previouscomputationsthis point is stored asthe current
closesvalidpoint. Theseach contiruesuntil avalid pointisfoundandall closettriangdeshase been
tested. If no valid point existswithin a distanceghresholdthe quel is rejectedandthe associated
term isremovedfrom the summationin Equatiord.4. Figue 4-2 visualiesthe spatial-binningata

structure.

Thedebrmedtemplateverticesv : : : Vy, arefoundby minimizingthe weightedsumof thethree

termsEg, E;| , andE ¢ subjecto themarkerconstaints:

lerJ WSES + W E| + WCEC:
V1::Vp (43

subjecto ¥, = my; k2 1:::m

In thisequationwg, w; , andwg areweightst isthetemplatevertex index for markerk, my isthe
positionof markerk onthedestinatiomeshandm isthenumberof markes. Equatiord.5isalineaty
constainedquadaticoptimizationprodem. Like Equatior3}4 of debrmationtransér, it resultsn a
linearsystenof normalequationsBecausthesmoothnesterm compaesthedebrmationgradients
of adjacentriandesthatmay notlie in the sameplane debrmationin the pempendiculadirectionis

importantandthe fourth vertex formulation[SumnerlandPopovic 20@] shouldbeused.
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Numberof | Averagetarget
Example
markes | correspondences

Horse/Camel 62 1155
Cat/Lion 77 1829
Face/Head 42 20@
Horse/Hamingo 3 1131
Horse/Elephant 87 1060

Tade 4.1 Thistale includesstatisticaboutthe comrespondenceomputationfor the debrmation
transér examplesncludingthe numberof markes usedfor eachsource/targetpairin the template
tting procedue andthe averagenumberof sourcetriangeswith whicheachtargettriande ispaired

in thediscetecorespondencenap.

The nal debrmedtemplatemeshis found by solvingEquation4.5 repeatedl in two phases
At the onsetof the computationthe closestalid pointsare not meaningdl sincethe templateand
destinatiorare not aligned. Thus in the r st phasewe ignore the closetvalid point term by using
weightsvg = 10,w; = 0.0QL andwc = Oandsohetheprodemto nd adebrmedtemplatemesh.
The markerpointsof the debrmedmeshwill matchexacty sincethey are speci edasconstaints
andtherestof the meshwill becariedalongby thesmoothnesandidentityterms We usethisinitial
estimationto computea setof valid closespoints Then,in the seconhasewe sole the same
prodem increasingvc eachtime andupdatingthe closespointsafter eachiteration. Preseving
wg = 10andw; = 0.0QLwhileincreasingvc in four stepfrom 10to 500® producegoodresults
in all tests Eachtime the minimizationprodem is sohed, the templatemeshis debrmed from
its original undebrmed state. Sincew increasesthe templatemeshmore closey appraximates
the shae of the destinatioraftereachiteration. Figue 4-3shavs resultsfrom the template tting
procedue for examplesisedin debrmationtransér andTale 4.1liststhe numberof markesused

in eachexample.

The template tting algorithm works bestwhen the templateand destinationare similarin
shage sothat tting requilesonly smalldebrmations The horse/camel,cat/lion, andface/head
examplesn Figure 4-3fallinto thiscategory andthedebrmedtemplateslosey matchthedestination
shaes Whensubstantiashge diVerencesxist,more extremedebrmationsare requiedto t the
templateto the destination. The debrmation smoothnesterm (Equatiord.2) ghts againstthese
lalgedebrmationsby favoring only gradualchange# shae. For examplejn orderto debrm the

amingo modelinto the horse,the amingo’s“S”-sh@edneckmustbeunbentto matchthe horses
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S Deformed template Deformed template
Template mesh Destination mesh after @st phase after second phase

Figue 4-3 Theresultsofthetemplatetting procedue usedo geneatethe correspondencir the
horse/camelhorse/ amingo, horse/elephantcat/lion, andface/headexamplesare shavn above.
The r standsecona@olumnsgndicatevhichmeshsusedasthetemplateandwhichasthedestination.
Theyellow circlesaretheuserselectetharkermpoints Thethird columnshavsthedebrmedtemplate
afterthe r stphasavherethesmoothnesandidentitytermsareusedut theclosestalidpointtermis
ignored. Thelastcolumncontainghe nal resultaftertheseconghasef tting wherethetemplate
appraximatesthe shae of the destinatiormesh. Wireframerenderingis disalked in the lastrow
becausthetessellationf thefacemeshissodensedhatit completef obscuesthe surface.
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Figue 44. Thetemplate- ttingcomponenbf the correspondencsystenprovidesa self-contained
applicationto bring meshesnto one-to-oneorespondencelive scangrom a databasef 400are
shavn aboein the r strow. Thesecondow shavsa“facemasktemplatetted to eachscarfVlasic
etal.200h

straightneck. Mary markes alongthe neckare requiredto forcethis unbending.Likewise,in the
horse/elephanexample the elepharis longtrunk andbig eass mustbe compessedo conbrm to

thehorseshead.

Although| designedhe template tting algorithmasone componentof the corespondence
systemfor debrmationtransér, it canbe usedin other domainsasa self-containedpplicationto
bringmeshe#to one-to-one&omrespondencdt wasusedn thisway to build two databasesf face
mesheshatincludediVerentindividualsmaking diVerentexpression§Vlasicetal. 200 A template
“facemask’wasdebrmedto matchrav scansicquiedwith a3d scannerThe r stdatabaseontains
15ndvidualseachmaking 10expressiongdor 150neshedn total. The expression®sf oneindividual
in the databaseomprisethe souce debrmationsin Figue 313 The seconddatabaseontainsl6
subjectperbrming 5visemegachin 5diVerent expressionsyielding400meshesn total. Thetop
row of Figue 44 shavs v e raw scansacquiedfor the secondlatabasendthe bottom row shavs

thetemplatetted to eachscan.
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Figue 45 Triande pairingsare visualizd by selectingrbitrary colomapsfor the souce meshes
shavn in thetop row, andassigningachriande of the targetmeshesshavn in the bottomrow, the
colorof oneofits corespondingourcetriande.

4.2 Triande Pairing

Oncethe templatemeshhasbeendebrmedto matchthe shae of the destinationthe triande
pairingcomponenbf the corespondencgystenbuildsthe map M by comparinghe proximity and
orientationof triandesof both meshesThismethodusesacompatibilitycriterionsimilarto theone
in theclosesvalidpointquery of the previoussection.Two triangesare compatile if their centroids
arewithin acettainthresholdf eachotherandtheande betweentheirnormalsislesghan90 . This
compatibilitytestpreventstwo nearly triangeswith dispaate orientation(e.g.,triandesfrom the
upperandlower lipsof aface)rom enteringthe corespondenceror eachtriande of the debrmed
template the pairingalgorithmcomputeghe closestompatilte triangde (if arny) of the destination
meshandaddshe pairto the comespondenclst. Likewise,for eachtriande of the destinationthe
algorithmcomputeghe closestompatiltte triande of the debrmedtemplateandaddsthat pair A
spatiabrid datastructure similarto the onedescribedh the previoussectioracceleateghedistance
qgueries This processuilds a mary-to-many mgppingthat ensuesall triandes of both meshes
subjecto the compatibilityrestriction are listedamongthe corespondencesinceboth the souce
andtargetmesheganplay the rolesof templateanddestinationthe actualorder of the two indices

in eachpairmay needto bereversedsothatthe souceindex comesr standthetargetsecond.

Figue 4-5visualiesthecomputedriande corespondender the v eexamplein Figue 4-3 The
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This dssetation Kraevoy and She er [€s ¢, ]

Figue 46. The pertriande corespondencesomputedusingthe output from my template t-
ting methodare compaed with thosecomputedusingthe output from the cross-pameterization
algorithmof Kraeoy andShé/er[20d].

soucemeshesire shavn in thetop row andthetargetmesheg thebottom. An arbitrary colomap
is selectedor the souce meshesndeachtargettriange is assignethe color of its coresponding
soucetriande. If atargettriande coresponds$o multiple soucetriandes only oneis usedin the
visualization.The white region of the headmeshin the bottom right indicateghat thosetriandes
correspondo nothing. A speciatagisinsetedinto the corespondencegp for eachwhite triande
indicatingts debrmationshouldoeminimal.

Tale 4.lindicatesheaveragenumberof soucetriangesassociatedith eachargettriandein the
comrespondencmapsusedoy debrmationtransér. Sinceghe camel,amingo, andelephanmeshes
areallmoredetailedhanthehorsemeshthisaverageiscloseo 10indicatinghatthetargettriangdes
usualy matchonly onesoucetriande. In the cat/lion andface/headexamplesthe target shape
hasfewer triandesthat the souceandthe averageis higherbecauseachtargettriande frequenty
matchessereral soucetrianges The face/headexampleis an extremecaseasthe facemeshhas
roughly twice asmary triandesin amuchsmallerarea. The headmeshtriandesfar from the face
have zeromatcheswhiletheonesghatcompriseéhefacehase,on average 3762 matchesTheoverall
averageis 2062

Becaus¢éemplate tting is independenof triangde pairing,the triande pairs canbe computed
usingthe outputof adiVerent tting algorithm.Figue 46 compaesresultdrom my templatetting

procedue to thosefrom the cross-pameterizatioralgorithmof Kraevoy and Shé/er [20@]. The
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wireframemesheshav the elephanmeshdebrmedby eachalgorithmto matchthe shae of the
horse. The colored meshewisualiz the resultingpertriande comrespondencengopings Bebre
cross-pameterizatiorcould be applied,connecittrity errors in the horsemeshhadto be repaied
by handto achiee a manibld mesh. With theserepais cross-pameterizatiorproduces better
debrmed elephantmeshthan my algorithmdueto the signi cantshae diVerenceshetweenthe
elephantandhorse. However, the triange pairingsappearsimilarin mostpars of the body The
horse/elephantransérin Figuie 316usegshe corespondencmap built from the outputof Kraesoy

andShé/er'stechnique.

93






Mesh-BsedinverseKinenmatics

Chaicteriggingisatime consumingrocesghatrequiesbothartistictalentandtechnicaéxpetise.
In striving to makeanimationeasiemndmore €Y cient,the rigging requilementis exacty whatwe
wantto abolish.Thistaskis diY cult, however, sincerigging playsanessentialole in the animation
pipeline.lt allovsthe userto vasty reducethe deggreesof freedomof a meshandcaefully desigma
reducedgpacef meaningfdebrmationghatincormporategheuserssemanti&knonledgeabouthow
thechaactershouldmove. Sincehisspacencodethemovementof meshvertices| referto it asthe
meslkkinematicOncethe meshkinematichasbeendeteminedviarigging, animatos canquicky

geneatemotionthatbringsachaiacterto life.

In contrastto rigging, mesheditingtechniquesllon the userto sculpta meshs shagpe with no
comple setupor parametertuning. Theintuitiveinterfaceemplo/edby mary editingalgorithmdets
the usermakea broadchangdn meshshae by repositioningpnly a few vertices The remaining
onesare positionecautomaticajl to satisfysomegeneal criterionsuchasdetailpresevation. How-
ever, detailpresevationor othergeneal criteriacannotcgpture meshkinematicssincethe clasof
meaningll debrmationsvariesfrom meshto meshandmay evendependn the contect in whicha
charcteris manipulated.Thus mesheditingmethodsare eVectve for sculptingdetailsbut do not
createdebrmationsthat respecthe meshkinematics For example whenmanipulatinga propety
riggedchaiactersleg, it will bendonly atthe knee hip, andanKke. Theseaestrictionsare diY cultto

enbrceusingexistingeditingtechniques
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Example Bnd « | Output

Example Bnd €| Output

Figue 51 A simpledemonstation of MesHhK. (Toprow) Two examplesare given, shavn in green
in theleft column. By xing onecg in placeandmanipulatinghe otherend,the barbenddike the
examples (Bottommow) If a diVerent examplebendis provided,MesHK geneatesthe new type of
bendwhenthe meshismanipulated.

| have developedan algorithmfor posingmesheshat requilesno rigging controlsor parameter
tuning, providesdirectmanipulatiorof meshshae usingthe intuitive interfaceemploedby editing
techniquesandgeneatesdebrmationghatrespecthe meshkinematic§Sumneetal.200h When
the userselectandpositionsary subsebf meshvertices my methodproduces meaningdll debr-
mationautomaticajt Comple posechangeareaccomplisheuhtuitively by manipulatingpnly afew
vertices Sincekinematicchangesare createdviadirectmanipulatiorof the meshanalg@ousy to tra-
ditionalskeleton-basenversekinematicgor posingskeletond callthisgeneal prodem mesh-based
invesekinematicandmy examplesolutionMeshK.

MesHhK relieson examplego indicatethe spaceof meaningfil debrmations Asanaltemative
to chamcterrigging, which is time consumingand diY cult, and a geneal objectie (e.g.,detalil
presevation), which cannotencodesemanticknovledgeabout an arbitrary objects movement,
MesHhK genealizesuserprovidedexampleso lean the meshkinematicsUsingtheleamedspaceit
geneatesnew shagesthatrespecthe debrmationsexhibitedby the examplesyet still satisfyertex
constaintsimposedy theuser Althoughtheusemretainccompletdreedonto precisel positionarny
vertices mosttaslks only requie manipulatingafew. Theanimatorcanposeanobjectwith minimal
eVort or bringit to life by keyframingvertex positions Furthemore, the useraways retainsthe
freedonto choosehe clas®f meaningdl debrmationgor ary meshasdemonstatedby Figue 51

Sincehisclasssspeci edby examplegveshK simpli esposingasksevenwhentraditionabnimation
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or editingmethodsdo not apply.

MeshK examplescanbe scannedhand-sculptedjesignedvith free-brm modelingtools or
computedwith arbitrarily comple procedual or simulationmethods Thefreedomo useary mesh
editingor debrmationalgorithmgreatly easegxamplecreation. Skeleton-basetebrmationtools
cancreategrosskinematicchanges Artifactstypicalof thesetools canbe touchedup with mesh
editingalgorithms Additionaldetailssuchasmusclebulgesor wrinklescanbeaddedaswell asary
twealsrequiredto makeeachpatticularexamplematchthe visionof the artist. Creatingahandtil of
examplesn thisway is much easiethanchailcterrigging sincerigging mustensue thatthe mesh
looks goodin eely pose. Riggng controlsmust be caefully tunedto geneate the bestpossike
debrmationssinceawealsand” x ups”thateY ciently repairpaticularprodemsof asinde example
are lesseVectve when artifactsexist in a contiruousrangeof poses Furthemore, dueto their
geneality, rigging controlscannoteasy providetherich clasof debrmationsaVordedby sculpting

techniquesThesaeasonsnakeMesHK anattractive altemative to traditionalchaacterrigging.

MesHhK buildsupondebrmationtransér (Chater 3 throughthe useof examplesandextends
it by allowving the userto createnovel posesandanimations Sincedebrmationtransér retagets
ary debrmation of one meshonto anothey it providesan eVectve meansof examplecreation.
Constituentposesf a souce chaactercanbe automaticail transérred onto a targetto provide
theexamplecollectiorrequiledby MeshK. Althoughdebrmationtransér canonly transér existing

debrmations MesHK useghetransémredtargetposedo createnen debrmationsor animation.

MesHK and debrmation transér alsoshae the samenumericalfoundationof debrmation
gradients Intemall, MesHhK representeachexamplewith afeatuevectoof debrmationgradients
thatdescribesow theexamplehasdebrmedrelatveto areferencemesh.Thefeatuespacele nedas
anonlineasparoftheexampldeatuevectors describethespacef meaningil debrmations When
theuserdisplaceafew meshvertices MeshK positiongheremainingonego produceameshwhose
featuevectorisascloseagpossiketo thefeatuespaceThisensuesthatthereconstuctedmeshmeets
the users constaintsexacty while it bestreproduceshe exampledebrmations The calculations
requiledto extracttheexampldeatuevectosareidenticato thoseemplo/edby debrmationtranseér,
andtheMesHK reconstuctionalgorithmextendghe oneusedoy debrmationtransérby nding the

optimalnonlinearfeatue vectorcombination.

97



51 Principlesof MeshHK

MeshK useghe examplemesheprovidedby the userto form aspacef meaninglil debrmations
Thede nition of thisspacescriticalasit mustincludedebrmationsrepresentatie of thoseexhibited
by the exampleseven far from the given data. The key to designinga good spacds to extract,
from eachexample,a vector of featuesthat encodesmportant shae propeties MesHK uses
debrmationgradientfeatue vectoisthatencoddhe changen shaeexhibitedby the example®n a
triande-ly-triande basis

Thesimplesfeatue spacésthelinearsparof thefeatue vectosof the examplegposesAlthough
this spacas not what we will ultimatey use,| describat r st becausét is simple,fast,andmay
still be valualte in applicationswhere linearity assumptiongre suy cient [Blanzand Vetter 1999
Ngo et al. 2000 or whete artifactscanbe avoidedby densesamplingBregler et al. 20@]. A more
powerful nonlinearspansrequiedin thegeneal casavhenthe naturalinterpolationof the example
debrmationdgsnotlinear(e.g. for rotations).

An editedmeshcanbe reconstuctedfrom a featue vectorby solvinga leastsquaesprodem
for the free verticeswhile enbrcing constaintsfor eachvertex that the userhaspositioned. The
errorincuredby xing someverticesasconstaintswill propagteacrosshemeshyratherthanbeing
concentatedat the constainedvertices MesHK couplesthe constainedreconstuction process
with a seach within featue spacesothatit nds the positionin featue spacehat hasthe minimal

reconstuctionerror.

511 FedureVectors

Anobviousandexplicitway to representhegeomety of atriangde meshiswith thecoodinatefits
verticesin the globalframe. However, thisrepresentationwhile simpleanddirect,is a poor choice
for ary mesheditingopeationasthe coodinatesn the globalframedo not cgpture the localshge
propetiesandrelationshipbetweenvertices[Sorkneetal. 20d).

For manipulatingneshesit is more usetil to describea meshasa vectorin a diVerent featue
spaceéasedn propetiesof the mesh. The component®f the featue vectorrelatethe geomety
of nearly verticesandcapture the shot-rangecorelationgresentin the mesh. Sinceour goalisto

encodehe spacef meshdebrmations debrmationgradientgSectior8]) are anatural choiceand
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comprisahefeatue vectoisusedoy MeshK.

Givenameshin areferenceposeS andadebrmedposeS, thepertriande debrmationgradients
areextractedusingthesameprocedueemploedby debrmationtransérto computehesetof souce
debrmationgradientsEquation36 is appliedoncefor eachtriande aftercomputingafourth vertex
usingequatior87. All pertriande gradientsareunrolledandconcatenateito asinde featue vector
f usingthe layout speci edin Equation318 If S andS both hase n verticesandm triandes f isa

9m 1 columnvector

Mappingafeatue vectorf backto a Catesiarrepresentatiornx involvessolvingthe optimization
prodem:

mxin kGx fk%:

(a3

subjecto ¥, = ¢; k2 1:::p

ThisformulamirrorsEquatior323but hasnotbeensepaatedin thespatiatlimension.Theunknovn
debrmed verticesare stackedn x following Equation317 Gisa9m 3n matrix that extracts
debrmationgradientausingthe QR formulationin Equation311 Asshavn in Equation32Q G is
blockdiagonaWiththe3m n matrixArepeatedhreetimes Sincéhemeshesisedoy MeshK have
thesameopolagy, A isconstuctedaccodingto Figue 36. TheconstaintsVy, = ¢,k 2 1:::p, X

the positionof p verticessothatthey are treatedasconstantn the optimization.

512 LinearFedure Space

A featue spaceale nesthe spacef desialde debrmations The simplesfeatue spacasthelinear
spanof the featuesextractedirom the examplemeshesA memberf of thisspaces parameteried

by the coeY cientdn theweightvectorw:
f(w) = Mw; (B2

wher M is a matrix whosecolumnsare the featue vectos fi, i 2 1:::1, correspondingo the |

examplemeshes
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In practiceMeshHK computeshe meanf anduseghe meancenteedfeatue vectorsf!:

kK1
Mw=f+  wf': (33
i=1
Notethatthelineardependenctroducedby meancenteringmpliesusingl 1 examplefeatues

andweightsnsteadfthel featuesandweightsusedn the non-centexdlinearcombination.

Givenonly afew speci edvertex positionslinearMeshHK computeghe posex whosefeatues

are mostsimilarto the closespointMw in thelinearfeatue space:

X ;w = amgmin kGx kag:
subjecto ¥ = ¢; k2 1:::p

This equationreplaceshe featue vectorf in Equation51 with a linearcombinationof example

featuesMw. Becauséhe linearspacextrapolategpoory, this metriccanbe further augmentedo

penalie solutionghatare farfrom the examplemeshes:

X ;w = agmin KGx ka%+ kwk%:
" 59
subjecto ¥, = ¢; k2 1:::p

Theseconderm kwk% favorsexamplegloseto themeanf by penalizindargeweights

Thevalueof , whichweightsthe penaltyterm, canbe chosenn a principledfashionby con-
sideringthe Bayesianinterpretation of the linear model: it maximizsthe likelihood of the pa-
rametervectorw with respecto the exampleposes Accodindy, this methodcanbe improved
by compessinghe matrix M usingits principalcomponentsand selectingan appropriatevalue
for the weightingparameter asa functionof the variancdost during PCA[Tipping and Bishop
1999

Analtematieto thislinearGaussiamodelisanonlineatGaussian-process—latestiatle model
[Grochav etal.20d] inwhicheacltcomponenbfthefeatuevectorisanindependerGaussiaprocess
Thisimpliesthat one shouldcaefully pammeterie the featue spacdgo matchthisindependence

assumption.For skeletonsexponentiaimgpsor Eulerandesaccomplishhis taskbut introducea
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nonlineamappingbetweenthe independenparametes andthe userspeci echandles Appling a
similarstrategy on meshesvill alsoproducenonlinearconstaintsandmakeit diY cult to solhe for

thousandsf verticesinteractiely.

513 NonlinearFedure Space

Sincethe reconstuctedmeshverticesare a linearfunctionof the featue vectors linearblendingof
featue vectosamountdo nave linearblendingof poseswhichiswell known to resultin unnatual
eVectsif theblendedposediare undegonerotation. Thus in our setting linearblendingwill suY ce
only if theexamplesetisdensenouglthatlargerotationsare not present However, densesamplings
notthetypicalcasendgeneralization$theexamples®eyondsmalldebrmationsarenot possike with
linearblending.To avoid artifactsdueto largerotations whichare typicalin mostnontrivial settings
we require a “spari of the examplefeatuesthat combinegotationsin a more natural way. Our
approachsbasean polardecompositiofShoemakandDuV 199Pandthe matrixexponentiamap.
First,we decomposthedebrmationgradientTjj forthej th triande(j 2 1:::m)in theith pose

(i 2 1:::1)intorotationalandscale/sheatomponentsisingpolarfactorization:
Tij =Ry §: (36)

Wethenusetheexponentiamap to combingheindividualrotationsof thediVerentposesThescale
andsheapar canbecombinedineaty without furthertreatment.

Weimplementheexponentiamap usingthematrixexponentiahndlogarithmfunctiongMurray
etal. 199]. Theseprovidea magppingbetweenthe group of 3 rotationsSQ(3) andthe Lie algéra
so(3) of skeav symmetric3 3 matrices A practicalapproachto interpolatingrotationsis to mgp
themto so(3) usingthe matrixlogarithm,interpolatelineaty in so(3), andmap backto SQ(3) using
thematrixexponentia]Murray etal. 199; Alexa20@a]. Thisleadgo thefollowing expressiorior the
nonlinearsparnof thedebrmationgradientof thej th triande:

0 o 10 o 1
Tj(w) = exp@ wilog Rj A@  w§AR: (37
i=1 i=1

Thematrixexponentiahndlogarithmare evaluatecY ciently usingRodriguesformula[Murray etal.
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Uncorrected

Corrected

Figue 52 The ambiguityinherentin the matrixlogarithmis demonstatedwith this interpolation
sequenceWhenall triangdesuserotationandesin the samerange heighboringriandesmay take
diVerentpathsduringinterpolation. Thisprodemisevidentin the“Uncormrectedrow where the bar
pinchesandfoldsontop of itself. Bymarkingcettaintriangesandaddin@ , thecorrectinterpolation
sequencesgeneated,asshavn in the“Correctedrow.

1949]. Experimentsvith exponentiahndlogarithmfunctiondor genealmatricegAlexa20@ajwhich
donotrequiefactorizationnto rotationsandscalesxhibitsingularitieshat preventastalbe solution
of theminimizationprodem. Becaus#lesHK sohesanoptimizationthatminimizesreconstuction
error, it is important that this error be a meaningil measue of the quality of the reconstucted
mesh. For thisreasonEquation57 mustincludethe matrix P; de nedin Equation313to remore
the pempendicularspacecomponentirom the interpolateddebrmation gradient. Otherwise,the
pemendiculasspacemror dominateshecostfunctionandtheweightsare adjustedo lowerthisermror
eventhoughthetriangesmatchthein-plandgransbrmationmore pooty.

We choseo usethe matrix exponentiabndlogarithm becauseve caneasy takedervativesof
theresultingnonlineamodelwith respecto w. For laterusein Sectiorb2.1, we notethatthe patial

derwvativesof Tj (w) are givenby

0 1
X X
Dw, (Tj(w)) = exp@ wilog Rj A log Ry w; §j B
0 i=1 1 i=1
X
+ exp@  wilog Rj A §iP: (58
i=1

The matrix logarithm is a multi-valuedfunction: eachrotationin SQ3) hasin nitely mary
representationsn so(3). In somecasednterpolationmay require equvalentrotationsin adiVerent

rangewhich canbe computedby addingmultiplesof 2 . This prodem is demonstatedwith the
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interpolationsequencshavn in Figue52 When all triandesuserotation andesin the range
between  and , sometriandestakea diVerent paththantheir neighbos duringinterpolation,
asshavn by the “Uncomrected”row. My implementatiorof the matrix logarithm retumsrotation
andesbetween and by defult. However, theusercanmarkpaticulartriandesto indicatehata
correctvemultipleof2 shouldbeadded.Theinterpolationsequencesinghesecomrectiongsshavn
in the“Correctedrow of Figue 52 The sameambiguityalsoexistswhenrotationsare represented
asEulerandesor quatenions It is presenin the interpolationalgorithmsof Alexa, Cohen-Orand
Levin [200DandXu andcolleaguef200%h Alexautilizesa greedyapproachto automaticail adjust
the andesof adjacensimplice$Alexa2008]. Whetherpropercomrectionscanbefoundfor all cases

isanopenprodem.

The nonlinearfeatue spacecanbe thoughtof asan n-way bounday-basedersionof as-rigd-
as-possib sheinterpolation[Alexaet al. 200 Ratherthanperbrming a two-way interpolation
basedn the compatilte dissectiomf the interior of two shgpes MesHK interpolateghe bounday
of n shges Asdiscusseih Sectior], the practicaimplicationof this reformulationis signi cant.
MesHhK interpolationisfastebecausi solhesfor fewerverticesandeasieto apply becauseompatilte
dissectionfn shaeinteriorsisdiY cultwithoutaddinganextremey largenumberof Steineretrtices
An experimentatomparisorof the two methodss shavn in Figue 34 anddemonstatesthat, for
2d polygonalshges MeshK interpolationbehaesreasondly despiteignoringthe interior. The
remainingesultdn thisdissetationandmy experiencevith MeshK indicatehatthe sameholdsfor

3 meshes

Bysettingheweightdirectly, ratherthansolvingfor themwithin thelK framavork, thenonlinear
featue spaceancreatemulti-way blends Figue 5-3demonstatesthree-vay interpolation. Usedn
thisway, thenonlineafeatue spacenatcheshe concurentwork of Xuandcolleaguesn bounday-
basedneshinterpolation[200pk Thissimilarityisexpectedsincehe anaytic derivationin Sectior85
canbe appliedto shav that reconstucting a meshusing xed blendingweightsis equvalentto
solvingaPoissorprodem. In thiscasethe guidancdunctioncomrespondso theinterpolatedeatue
vectos. However, while Xu andcolleaguetocuson interpolationwith prescribedblendingweights
my primaty contritution is aformulationof mesh-baseadversekinematicghat hidestheseweights

from the userbehindanintuitive interactionmetghor.
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Figue 53 Thenonlinearfeatue space&anbeusedo perbrm multi-way interpolation.In thesewo
examplesthe greencomermeshesire blendedo produceheblueones

52 Numerics

Inthissectiorl shav how to solethefollowingnonlineaanalagofthelinearinversionin Equatiorb4:

X ;w = amgmin kGx M(w)kz;
W (59

subjecto ¥ = ¢; k2 1:::p
where M isnow afunctionthat combineghe featue vectos nonlinealy accodingto Equations7.
This is a nonlinearleast-squas prodem which canbe soled usingthe iterative Gauss-Ngton
algorithm[Madseretal.20d]. At eachteration,alinearleast-squassystemssoledwhichinvolves
solvingthe normal equationsy Choleskydecompositiomndbaclsubstitution.| now elaboateon

thekey stagesfthisprocedue.

521 Gauss-Neton Algorithm

In MesHK, theGauss-Ngton algorithmlinearizsthenonlineafunctionofthefeatueweightsvhich
de nesthefeatue space:
M(w + ) = M(w) + Dw(M(w)) : (310
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Then,eachGauss-Neton iterationsolesalinearizdprodemto improve x, andwy,—theestimates

of the vertex positionsaandthe weightvectoratthe ki iteration:

ki Xl = amminkGx  Dw(M(wy))  (M(wy) + ¢) K3 (51)

Wg+1 = W+ k!

Theconstaintsfrom Equatiorb9have beerenbrcedby treatingheconstainedverticesasconstants

updatingG andx, andcomputingthe constaintvectorc asdescribeth Sectior84.2

Theprocessepeatsintil convergencewhichwe detectoy monitoringthe changen the objectve

functionf = f (wy), thegradientof the objectve function,andthe magnitudeof the updatevector

« [Gill etal. 198D

kf fx 1ka < (1 +fy)
KDw(f (W))ki < B2+ ) (513
K ki < 271+ kwiky ):

In my experimentsthe optimizationcorvergesafteraboutsixiterationswith = 1:0 10 6.
Solvinghelinearleast-squasprodemin Equationrb1llead4o asystenof normalequations:

2 3
B B45 = B (M) + O ; GEe)

wher Bisaspasematrixofsiz9m (3(n p) + |) oftheform

A J
B= § A D z: (51)

Al &
Recallthat A is alsoa very spasematrix, having only threeentriesperrow (Figue 36). Aswe will
seen Sectiorb2.2, thispemitseY cientnumericalsolutionof the systendespitats siz. Thethree

blocks J are the blocks of the Jacobiarmatrix Dy (M(w)) pattitionedaccodingto the threevertex

coodinates
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522 Cholesk Factorizaion

Withoutaspeciaburposesoler, thenormalequationsn Equatiorb 13cantakeaminuteor longerto
soheduringeachstepofthe Gauss-Ngton iteration. Thisismuchtoo slow for aninteractve system,
which,in my experiencetequiesat leasttwo solutiongor every secondf interaction. The key to
acceleatingthe soleristo reusecomputationdetweeniterations A directsolutionwith ageneal
purposemethod(e.g.,Choleskyr QRfactorizatiofGolubandLoan199§ will not beale to reuse
thefactorizatiorfrom the previousiterationbecaus® contirually changesAnd,despitehe spasity
of B” B, conjugategradientconvergestoo slavly evenwith avarietyof preconditiones

My solutionusesa directmethodwith specialied Choleskyfactorizatiorthat exploitsthe block
structure of the systemmatrix:

3
KA K

2
KA KD
KA K X

FA 3A A ST

B>B= (515

ThethreeX A blocks eachspase(n p) (n p) matricesare constanthroughouttheiterations
If thesdblocksare pre-factoed,theremainingportion of the Choleskyactorizatiormay becomputed
eY cientl.

First, symbolicCholeskyfactorizationu” U = B’ B revealsthe block structure of the upper

triangularCholeskyactor.

2 3

R Ry

R Ro
U= (516

R R3

Rs

wher

R°R= KA (517

We precomputeR by spaseCholeskyfactorizationToledo200Bafterre-oderingthe columnsto
reducehenumberof additionahon-zroentriedKarypisandKumarl1998 Theremainingolocksof

U are computeddy solvingthefollowing equationsn eachteration:
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RR=AK]; i21:::3 (519
3
ReRs=  JJ R'R: (519
i=1
In Equation518 baclsubstitutionwith the precomputed computeghe blocks Ry, Ro, andRg3 by
solvingthreelinearsystems Theseblocks are in turn usedon the right-handsideof Equation519
to computethel | matrixwhosedenseCholeskyfactorizatioryieldsthelastblockRs. For alarge
numberof examplesthis factorizatiorstepwill eventualy becomethe bottleneck.In experiments
however, with [=200r fewer examplesthe solutionof Equations18for thethreedensgn p) |

blocksandtheir usein the computatiorof Ri> R; dominateshecost.

53 ResultsandDiscussion

| have implementedMesHK both asaninteractve meshmanipulatiorsystemaswell asin anoZ ine
applicatiorthatusekeyframedconstaintsto solefor mestposesvertime. Intheinteractvesystem,
theusercanselecgroupsof verticesthatbecomeéhandlesiwvhichcanbeinteractvely positioned As

thehandlesre movedtherestof the meshisautomaticajt debrmed.

Figure 54 demonstatesthe power of MesHK. Givena cylindricalbarin two poseg54 A), one
straight,andonesmoothy bent,the userconstainstheleft cgp to stay in placeandmanipulatesne
vertex on theright cgp. Usingthe nonlinearfeatue spacemy systems alde to genealize to ary
otherbendofthebarin thesameplane(54B).In contrast thelinearfeatue spacg54 C) interpolates
thetwo examplegpooly (thetip of thebarcollgpsesn betweenthe examplesandextrapolatesven
more pootly. If the endof the baris draggedoempendiculato the examplebend(54 D), it debrms
diVerently sinceno examplehasdemonstatedhow to debrm in thisdirection. Givenanadditional
examplethe barcanbendin that plane(54 E) aswell asthe spacen between(54 F).By suppyinga
diVerentexamplethe barbendsliVerently (Figue 51). Thus MesHK doesnot prescribenetypeof

debrmationbut insteadlervesthe appropriateclasof debrmationsrom the examples

Figue 55 shavs how MesHK canbe usedto posea character Ten exampleposesshavn in
greenin thetop row, are usedor thisdemonstation. Two handleverticesare selecte@dsconstaints

on the front andbackfoot of the referencepose(55A). By dragdng the front foot forward, the lion
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A B C D E F

Figue 54: UsingMesHK to poseabar (A) Two exampleposesuperimposedn top of eachother.
(B)Theleftcgo of theunbentbarisconstainedo stg in placenvhileasinde vertex ontherightsides
manipulatedThreeeditsusingthe nonlinearffeatue spaceare shavn. NotethatMesHK genealizes
beyondthetwo examplesindcancreatearbitrary bendsn theplane.(C)In contrast thelinearfeatue
spacenterpolatesandgenealizespoolly. (D) In thistop down view, moving the constainedvertex
pemendiculato the bendcauses shearsinceno examplesare providedin this direction. (E)—(F)
Providingoneadditionakxamplan thepempendiculadirectionallovsMesHK to genealizeto bends
in thatdirectionaswell asin the spacen between.

A B C D

Figue 55 (Toprow) Tenlion exampleposes(Bottonmow) A sequencef posingopeiations (A) Two
handleverticesare chosen(B) The front leg is pulledforward andthe lion contiruousl debrmsas
theconstaintismoved. (C) Theredregionisselecte@ndfrozensothatthefrontleg canbeeditedin
isolation.(D) A similaropemationis perbrmedto adjustthetail. The nal posesdiVerentfrom ary
individualexample.

Figue 56. Posingasinmulated ag. (Toprow) Fourteenexample®fa ag blowingin thewind created
with aclothsinulation. (Bottomow) (A) Anundebrmed ag isusedasthereferencepose.(B)—-(DBy
positioningonly thecomersofthe ag, theusercreatesealisticlothdebrmationswithout requiring
ary dynamicsinulation. (E)—(F)Two framesfrom an animationin which the constaintson the
comersare keyframedto produceawalking motion.
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Figue 57. Gallopinghorseandelephan@animationsare createdusingonly four examplesf each
alongwith the samekeyframedmotion of onevertex on eachfoot.

benddts front legsat the hip andstretchests bodyforward. The positionof the lion’s pav canbe
precisef controlledby the user In (55B) the pav hasbeenpulledfarther forward thanits position
in ary example.Thebodyof thelion debrmsrealisticajt to meetthe constaintssothatthereisno
discenible distotion. In orderto poseonly the front right leg andkeepthe restof the body xed
(55C),theuserselecttheunwantedregion (shavn in red)andremovesit from the objectve function
by buildingafeatue space¢hatignoresthedebrmationgradient®ftheselectettianges Thisregion
remainsxed in placeput doesot contrikuteto theermor asthe optimalweightsare computed.This
allovsthe userto posethe front leg independentf the restof the body After perbrmingthe same
opemationfor thetail (55D), the userhasachieedanovel posediVerentfrom all thoseshavn in the
exampleset. Thisresultalsoshavshow MesHK buildsupondebrmationtransér sincethe example

lion poseare theresultof transérfrom acatmesh(Figue 310.

Figue 56 demonstatesthat MeshK alsoapplieswhen debrmationshase no obviousskeletal
representationTheinputfor thisdemonstationisfourteen ag examplegromadynamicsimulation,
shavnin thetoprow. Statingwith anundebrmed ag (56 A),theuserarbitrarily positionghe ag’'s
four comers(56 B—D).Theinteriordebrmsin acloth-likefashion By keyframingthe positionof the

constaintsovertime, the usercreatesananimationof awalking ag (56 E-F).

Figue 57shavsthesystenusedo produceagallopinganimation.Four examplepose®fahorse
are usedasinput, andonevertex on eachfoot of the horseis keyframedto follow a gallopgait. The
positionof the remainingverticesof the horseare choserby MeshK for eachframe,resultingin a
gallopinganimation. If we replacehe four horseposeawith thoseof anelephantandusethe same

keyframedfoot positionsMesHK computes gallopingelephant.

Tempourl coheenceis important when geneating oZ ine animations Sincethe debrmation
systemis nonlinear a smallchangan the constaintsmay resultin alarge changan the resulting

debrmation. In orderto achi@etempoialcoheencewe addtheadditionaterm  kw wok% tothe
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objectve functionin Equation9. Thisterm encouagegshenew blendingweightsw to besimilarto
theonesrom the previousframeof animationwg. A valueof 10dsusedor in allanimations
Tale 51givesstatisticaboutthe meshesisedin theseresultsncludingthe numberof vertices
thenumberoftriandes thenumberof examplesthenumberof xed handleverticesandtherunning
times Thetimingwasmeasuedon a32GHz Pentium4 PCwith 2GBof RAM.The“Factor”column
indicateshetimerequiredto pemute A" A andcomputeheCholeskyactorization Thiscomputation
is a preprocesasthe factorizationdoesnot changeor a patticular choiceof handlevertices The
“Sole” columnindicateshetime requiredto perbrm oneiterationof the Gauss-Negton algorithm
describeth Sectiorb21 Aftereachteration,the userinterficeisupdatecandnew positiondor the
constainedhandleverticesare queriedby the soler. Thisallows the systento remaininteractive
duringthe nonlinearoptimization. Figue 58 graphsthe sole time asa functionof the numberof

exampledor the horseandelephanmeshes

| Mesh | Vertices| Triandes| Examples Fixed| Factor| Sole |

Bar 132 260 2 22 | 0.000s | 0.000s
Hag 516 932 u 3 0.016s | 0.016s
Lion 5000 9,996 10 2 0.10% | 0.156
Horse 845 16846 4 2 0203 | 0.15s
Elephant 4232 84,638 4 2 102&8s | 0.688s

Talde 51 Numberof vertices triandes andexamplemeshesaswell asthe numberof xed handle
verticesandresultingiming datafor the demonstatedresults
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Figue 58 Sole time asa functionof the numberof exampledor the horseandelephantmeshes
(Timingsare from the original puldication[Sumneiet al. 200p)
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Conclusio

Computergeneatedcharactermnimationywherhumanoranthropomophicchaactesareanimated
to tell a story, holdstremendougpotentialto enricheducationhumancommunication,peiception,
andentetainment. However, currentanimationproceduesrely on atime consuminganddiY cult
processhatrequiesbothatrtistictalentandtechnicaéxpetise. Althoughthe stagesf theanimation
pipeline—modelingijgging, andanimation—ae well explored individuall, there is little work that
extendsbeyond the boundarieof arny one area. Asa consequencehe sameprocedue must be
followedfor eacmew chailctemwithouttheoppotunity to genealize or reusdechnicatomponents
The work addessedn this dissetation easeshe animationprocesdy oVering novel connections

betweenthe stagesndoppotunitiesfor reuse.

6.1 Contributions

Deformationtransér allovs debrmationsfrom ary stagein the pipelineto be reusedon another
chamacter The mesh-basetbrmulation doesnot dependon the mechanisnusedto createthe
debrmationandcanbeappliedto hand-sculptediterationsmadeduringmodelingjndividualposes
createdwith riggingcontrols or contiruouskeyframedor simulatedanimation.Deformationtransér
enaltesthe compilatiorof adatabasef both skeletaindnon-skeletalebrmationssuchasrunning,
walking, or gesturinghat canbe retagetedonto nev chaiactes of diVerent shape whenneeded.

Reusinghismotionamottizesthe humane\Vort spentcreatingit in the r stplace.
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Thecorespondencalgorithmprovidesameansof communicationbetweenthe myriadexisting
meshesisedn computeranimation.By emplg/ingamary-to-mar mappingin the form of discete
triande pairs shapesof diVerenttopolagy, tessellatioandevengrossanatomicastructure are related
tooneanother Adebrmationalgorithmthatcomputesiuserguidedattial parmameterizatiogreates
thismappingeY cientl.

Mesh-basadversekinematicallovstheuserto avoid thetraditionakigging phasendanimatea
meshviadirectmanipulation.Theusercangeneatesigni cantmeshdebrmationsandposechanges
intuitively with aminimalamountofwork. Thistechniquesdistinguishettomtraditionaknimation
methodssinceno formalriggingisrequiied. It isdistinguisheffom existingmesheditingalgorithms
sincet givesthe userthe freedonto specifythe clasof meaningil debrmations Examplecreation
canusethe full spectum of editing,sculptingscanningdebrmation,andanimationtechniquesind
isfurtherfacilitatedoy debrmationtransér.

Thedebrmationtransér, corespondencendmesh-baseadversekinematicslgorithmsemplg
the samemathematicalormulationwhich appracimateghe debrmationgradienttensor eld from
contiruum mechanicen atriande mesh. In debrmationtransér, debrmationgradientsare used
to encodethe soucedebrmationandapply it to the target. For corespondencedhe debrmation
smoothnesgerm allovs the debrmationincured by vertex constaintsto be smoothy propagted
acrosshemesh.In mesh-basadversekinematicsdebrmationgradientsnakeupthefeatuevectos
andanappropriatey chosemonlinearinterpolationschemeayeneatesa featue spaceahat cgptures

the clas®f meaningll meshdebrmations

6.2 FutureDirections

GenenlizedSleletons  Without exception,existingsystemshat geneate 3 chaacteranimation
sinde out kinematicdebrmation and modelit with a skeletonor a similarrigging device. Non-
kinematicdebrmation suchas musclebulging or facialexpressionss createddiVerently. Ewen
methodghatsuppot agenericspeci catiorof debrmationfor 2d chalactesdegrto skeleton-based
articulationwhen 3 kinematicdebrmationis involved [Ngo et al. 2000 Bregler et al. 20@]. The
domain-speci mature of thesesolutionslimits the degree to which they canbe genealized and

appliedin new situations
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In contrast,my algorithmsapply to ary debrmation, skeletabr non-skeletal. The undetying
representationfdebrmationgradient@ccommodatdsnematicandnon-rigd debrmationwithout
distinction. As a consequencedhe methodspresentedn this dissetation are broady applicalte.
Deformationtransér canapply the kinematicposeof the horseshavn in Figure 39 to the camel
assuccessfly asthe nonrigd bucking displgedin Figue 312 Likewise,MesHK cananimatea
crouchindion (Figue 55 aseasy asa a pping ag (Figue 56).

Oneconceptuainterpretationof my work is that it genealizesthe ideaof skeleton-dven ani-
mationto the pointwhere eachtriande actsanal@ousy to ajoint by contrikuting atransbrmation
matrix to the ultimatedebrmedpose. Following this anal@y, a meshcanbe thoughtof asa very
complexskeletonn whichevery joint corespondto atriande, thebonesare notrigid, andare notar-
rangedhierarchicaly in atree. Thus thealgorithmd presentie atthe oppositeextremeof traditional
skeleton-basexhimationwhere bonesare choserparisimonioust Theconceptuatontritution of a
meshasa “genealized skeletoh may apply to otherprodemsin computergraphics Furthermore,
justastraditionakkeletontase bene tedfromyearsofreseach,thisgenealizatiorwill improvewith
time, patticulaty throughthe explorationof otherparameterizations betweenthe mostrestricted

skeletorepresentationandthe mostgeneal mesinepresentations

Copy/PasteTransér. In the presentedesultsof debrmationtransér, whole body debrmations
of one chagacterare transérredto another Only the face/head(Figue 313 andhorse/ amingo

(Figue 315 examplesdeviate from the entire body However, thesecasesiemonstate that the
transér algorithmcanbe executedon a more ne-grainedlevel. Thus oneaverue of future work

isdevelopingtoolsthatallow copy/pasteopeiationsfor debrmationtransér from multiple sources
Movementoriginatingwith the legsof one chaacter the amms of another andthe headof a third

couldall betransémredonto onetargetmeshto geneateanovel animationdiVerentthanary sinde

souce.

The challengen copy/pastetransér is primarily one of developingtoolsto specifythe proper
comrespondencé-healgorithml presenin Chater4workswell for whole-bodymappingsetween
anatomicayl similarchalctes However, it isnotdesignedb map individualbodypaitsandrequies
userguidancen the form of matchingmarkerlocations ldealy, a copy/paste applicationwould

incorporateseggmentationcorespondencandtransérinto oneintuitive interface.
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Figue 6-1 Deformationtransérbetweendrasticall diVerentmeshesanopenprodemin computer
graphics Making thetreegalloplike a horserequiesaversatilemethodto relatethe two mesheso

oneanotherandsomeway to adgt the soucemotionto the targetshaethat incorporatesartistic
direction.

Drasticaly DiVerent Chamactes. Deformation transér requires a grosssimilarity betweenthe
souceandtarget. Whentwo meshesre drasticall diVerent, their comrespondenceay beunclear
andambiguousvenon a semantidevel. Considerfor example the horseandtreemesheshavn
in Figue 6-1 Transérming the gallopinghorseanimationonto the treewould be diY cult usingmy
debrmation transér algorithmsinceit is not clearhow to specifya corespondencbetweenthe
two meshes However, | am cettain that talentedanimatos if askedo makethe treegalloplike a
horse wouldsucceedin fact,thisexamplasnot unreasondle sincemary animatectatoonsfeatue

anthropomophizedchaactes

Transémring debrmationbetweendrasticalf diVerent meshess an openprodem in computer
graphicsthat presentseseral challengeslit requiesan extremey versatiletechniqueto relatethe
souceandtargetto oneanothethatcanaccommodateambiguousndarbitrary mappings Secondt
requilesamethodto appropriatey adapthedebrmationto thetarget,ratherthansimply transérming
it directly withoutmodi cation. Finaly, thisadgtationmethodmustprovidesomeway to incorporate

artisticdirectioninto thetransér process
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RiggingReuse. Chaicterrigging providescountlesgestedmethodsto modelmeshkinematics
Thisdissetationchaacterizestherigging procesastime consuminganddiY cultandoVersMeshK
asan altemative. However, the rigging controlsthemselesare not the enemy;it is the lengtly
parmametertuning procesghat makesrigging solaborious An altemateapproachto mitigatethe
expenseof chamcterrigging is riggingreusetransér the rigging controlsthemseles(includingthe
hard-to-tuneparametes) from one charcterto another Riggng reusewould allov animatos to
usefamiliarrigging toolsandthe sameprovenanimationpipelinewhile avoidingthe lengtty tuning

process

Deformationtransér providesa stating point for rigging reuse. The reconstuction prodem
canbe thought of asa metric that measues how well one meshs debrmation mimicsthat of
another Thismetricpemitsareformulationto sole for otherquantitieghatin uenceachamacters

shae.

LocalizedExamplesandSimplicialModelingfor MeshHK. A principledesigrgoalof MesHK isto
allow the userto geneatethe mostmeaninglil meshdebrmationswith the leastamountof work.
Thus the presentedrameavork focuse®n selectingandmoving a few verticesin orderto geneate
afull-bodydebrmation. For examplethe lion meshfrom Figuie 55canbemadeto stretchforward
or sitdown by xing onevertex on its backpav anddraggng a vertex on its front pav forward or

backvard. MeshK nds the bestposen the nonlinearsparof all examples

In a productionsettingwhere animatos require precisecontrol over every nuanceof shge,the
number of examplesequiredto expressthe chaacters debrmationmay becomeunmanagede.
Localizingheexampleso individualpartsof thechaactersbodycanreducehetotalexamplecount.
For example the usermay sculpta multitude of facialexpression$ut only a few examplesof the
legsandamms Thisapproachavoidsa combinatorialncreasen the numberof exampleghat might
otherwiseresultwhen ne-grainedcontrolover the meshkinematicssrequied.

Simplicialcon guration modeling[Ngo et al. 2000 providesanotherapproachto managethe
exampleset. Ratherthan always seachingamongall examplesthe usercanexplicity modelthe
con gurationspacefthe chaiacterviaasimpliciacomple. Thisallovsthe userto ensuethatonly
compatille examplesare combinedn ary situation. A userinterfacecanfacilitatenavigation of the

possily high-dimensiona@lomple in anintuitive way [Matusiketal. 200h
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Physics Neitherdebrmationtransér nor MeshHK emplag/s physics but both have muchto gain
fromitsapplication. Asdiscusseith Sectior2.33 thephysicalavsthatgorem motionin therealworld
are anintegral componenbf stylizdandrealisticanimationalike. A substantishmountof reseach
in computemraphicsfocuse®n physics-basathaacteranimatiorandthere are mary oppotunities
to incorporateit into the prodemsl hase presented.

Addingphysicdo thetransér processouldensue thatthetargetchaactemmovesin aphysicaly
realistioway even whenthe siz andshae of the souce andtargetare diVerent. Or, the physical
propetiesof a uid simulation, suchasvelocityor pressue, couldbe transémred insteadof mesh
debrmation. Physicstransér would facilitatethe constuction of a library of physicalphenomena
thatcouldbeappliedto nev domainsvithout the needto resimulate.

MesHhK could be modi ed to cgture dynamiceVectssuchasinertia and follow-through. A
compehensie treatmentwould introducedynamicfeatuesand a mechanisnior matchingboth
staticanddynamicfeatue vectos Sucha systenmight ultimatel provide a practicacompromise
betweenthe automationoVered by physicalsinulationsand the control provided by keyframing

techniques
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