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Abstract

In this dissertation,| describea virtual headmodelwith anatomicalstructure. The
modelis animatedin a physics-basednannerby useof musclecontractionsthat in

turn causeskin deformations;the simulationis efcient enoughto achieve real-time
framerateson current PC hardware. Constructionof head modelsis easedin my
approac by deriving new modelsfroma prototype employinga deformationrmethod
thatreshapeshe completevirtual headstructure. Without additional modelingtasks,
this resultsin an immediatelyanimatablemodel. The geneal deformationmethod
allowsfor several applicationssud asadaptationto individual scandatafor creation
of animatedheadmodelsof real persons.Thebasisfor the deformationmethodis a

setof facial feature points,which leadsto otherinterestinguseswvhenthis setis chosen
accodingto ananthropometricstandad setof facial landmarks:|l presentlgorithms
for simulationof humanheadgrowthandreconstructiorof a facefroma skull.

Thecreationof computeranimatechumarfacess along-standingindchallenging
problemsincethe early 1970s. Thereare numerousapproacheso facial animation,
but to this day no general-purpossystemexists that solvesthe problemin a manner
satisfyingthe needsof all practicalapplications.In the medical eld, highly accurate
reproductionof a real headis requiredto enablewell-informeddecisionsin sumgery
planning. Animation capabilitiesand computationtime are not important. On the
other hand, realismis of minor concernin interactve dialog systemsor computer
games. Here, the animationmerely hasto look plausiblebut play in real time. A
real-life modeldoesnot needto be reproducedvith all subtletiesof facial shapeand
texture.

An obviousapproacto achiese generalityis the simulationof theinnerworkings
of arealface.High expectationsaretied to physics-basedystemswheretheultimate
goalis to have the full rangeof conformationand expressvenesdn the faceemepge
“naturally” throughprecisemodelingof the anatomicalstructureand accuratesimu-
lation of tissueproperties.This hassofar only beenrealizedin parts,andno current
implementatiorcatchesll theintricaciesof the humanface.

Traditionally, the computationakost of physics-basedimulationhasbeenpro-
hibitive for real-time facial animationon consumerclass PC hardware. This has
changeddramaticallyin recentyears,makingfasthigh quality animationpossibleon
currentdesktopcomputers. But, apartfrom the run-timeissues,constructinga vir-
tual headmodelwith the comple structureof skull, musclesandskin is non-trivial,
requiringartisticskills andtime.

This situationmotivatesmy dissertationi proposeananatomy-basedirtual head
modelthatis animatablein real time using numericalsimulationtechniquesgdriven
by an advancedfacial musclemodel. The simulationis efcient enoughto achieve
real-timeframerateson currentPC hardware.Manual constructionof sucha struc-
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turedheadmodelis a dif cult task,whichis avoidedin my approactby deriving new
modelsfrom aprototype employingadeformatiormethodthatreshapethe complete
headstructure.Without additionalmodelingtasks,this resultsin animmediatelyani-
matablemodel. The generaldeformationmethodallows for several applicationssuch
asadaptatiorof a referenceneadmodelto individual scandatato produceanimated
headmodelsof realpersonsThe methodsandtechniqueslescribediredemonstrated
onhumarheadmodels butthey arealsoapplicableto othervirtual creatureswith few
modi cationsin the constructiorprocess.

The deformationmethodis basedon facial featurepoints, which leadsto other
interestinguseswhen an anthropometricstandardset of facial landmarksis chosen:
usinga databasef facial measurementshapeattributesof the facecanbe changed
in acontrolled,meaningfulmanner As anexample,l shov how statisticallyplausible
growth of anindividual headfrom childhoodto adultagecanbe simulated.Further
more,basedon known skull / skin distancerelationshipsafacecanbe approximated
from the skull geometry Theseapplicationsdemonstrateéhe usefulnesof the ap-
proachoutsidetherealmof computergraphicsfor instancejn theforensicsciences.

In summarythekey contributionsmadeto the eld in this dissertatiorare:

ananatomy-basecheadmodel: thehumanheadsmajorstructuralcomponents
are built explicitly into its virtual counterpart:a e xible skin surface an ad-
vancedmodelfor virtual musclescontrolling the animation,anembeddedkull
to which skin andmusclesattach,aswell asseparatelynodeledgeometricob-
jectsfor eyes,teeth andtongue A mass-springystentonnectskin, muscles,
andskull. Additionally, a setof landmarks de ned on the skin andskull sur
faces,is part of the model. The modelandassociatedlgorithmsenablereal-
time, physics-basednimation.

a generaldeformation method for the head model: all partsof the virtual
headstructureare reshapedimultaneouslyusing a landmark-baseapproach;
theresultingmodelis immediatelyanimatablevith no furthermodelingsteps.

creation of animatable head modelsfrom range scandata: analgorithmis
presentedhatemploysthedeformatiormethodfor adaptatiorof agenerichead
templateto scandata.

simulation of human head growth: makinguseof landmark-basednthropo-
metric measurementghe shapechangesof the humanheadfrom infangy to
adulthoodaresimulated.

reconstructionof facesfrom skull data: | proposeatechniquehatallows fast
and e xible modelingof face reconstructiongrom a scannedskull. This has
applicationgmainly in theforensicsciences.



Zusammenfassung

In dieserDissertationbesdireibeich ein ein nadh der mensblichen Anatomiestruk-

turiertes virtuelles Kopfmodell.DiesesModell wird physikbasierdurch Muskelkon-
traktionenbewegt, die wiederumHautdeformationemervorrufen;die Simulationist

efzient genugumEcdhtzeitanimatioraufaktuellerPC-Hardware zuermiglichen.Die

KonstruktioneinesKopfmodellswird in meinemAnsatzdurch Ableitungvon einem
Prototypererleichtert, wozueineDeformationstelnikverwendetvird, die die gesam-
te Strukturdesvirtuellen Kopfestransformiert.Ein vollstandig animierbaesModell

entstehsoohneweitere Modellierungsshritte. Die allgemeineDeformationsmetbde
gestatteteine Vielzahlvon Anwendungenyie beispielsweiselie Anpassungn indi-

viduelle Scandateriur die ErzeugungronanimiertenKopfmodellerrealer Personen.
Die Deformationseécnik basiert auf einer Mengevon Markierungspunktenm Ge-

sicht, was zu weiteen interessanterEinsatzgebietefilhrt, wenndiesemit Standad-

MeRpunkteraus der Anthropometre identi ziert werden: Ich stelle Algorithmenzur

SimulationdesmensablichenKopfwahstumssowieder RekonstruktioreinesGesid-

tesausStadeldatervor.

Die ErzeugungomputeranimiertemenschlichefGesichtelist ein bereitsseitden
70er Jahrenbestehendeand nachwie vor herausforderndeBroblem.Es gibt eine
Vielzahlvon Ansatzenfur Gesichtsanimatioraberbis heuteexistiert kein universell
nutzbaresSystem,dasdieseProblemauf eine Art 19st, die fir samtlichepraktischen
Anwendungerbrauchbaiist. In der Medizin ist die praziseReproduktiondesrealen
Kopfesunumgdanglich, um gut fundierte Entscheidungerin der Operationsplanung
treffen zu kdonnen.Animation und Rechenzeisind hier nicht von grol3erRelevanz.
Andererseitsst Realismusur von mindererBedeutungwennesum interaktive Dia-
logsystemederComputerspielgeht.In diesemFall mul3selbsteinerealeVorlageim
Modell nicht mit allen Feinheiterder Gesichtsfornund-textur reproduzieriverden.

EinenaheligendeHerangehensweigér einuniverselleinsetzbareSystemst die
SimulationderinternenZusammentingeeinesrealenGesichtesGroReErwartungen
werdenhier an physikbasiertesystemegekriipft, wobei dashochgestecki&iel das
“natirliche” HervorbringendeskomplettenSpektrumsmenschlicheiGesichtsrgun-
genund-formenist, erzieltdurchpraziseModellierungderanatomischetrukturund
genauestS8imulationderGewebeeigenschafteBiesist bislangnurin Teilenrealisiert
worden,undkeineaktuellelmplementierungvird der Komplexitat desmenschlichen
Gesichtswirklich gerecht.

Traditionell ermdglichtendie zu geringenRechenkapazitenkeine Echtzeit-Ge-
sichtsanimatiomittels physikbasierteSimulationauf handelgiblicherPC-Hardware.
DieserZustandhatsichin denletztenJahrerdramatischverandertwodurchhochqua-
litative Animation auchauf Desktopcomputermoglich wird. Jedochist, unabtangig
von diesenLaufzeitproblemendie Konstruktioneinesvirtuellen Kopfmodellsmit der
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komplexen Strukturvon Schadel,Muskeln,undHautein schwierigesind zeitaufwen-
digesUnterfangendaskinstlerischd=ahigkeitervoraussetzt.

Diese Situation motiviert meine Dissertation:Ich schlageein anatomiebasiertes
virtuellesKopfmodellvor, dasunterVerwendunghumerischeiSimulationsmethoden
in Echtzeitanimierbarist, angetrieberdurch ein neuartigesMuskelmodell.Die ma-
nuelleKonstruktioneinessolchenstrukturiertervirtuellen Kopfesist eineschwierige
Aufgabe diein meinemSystemdurchAbleitungneuerModellevon einemPrototypen
vermiederwird, unterVerwendunginerDeformationstechnildlie die gesamté<opf-
strukturverformt.OhnezustzlicheArbeitsschrittaesultiertdarausein sofortanimier
baresModell. DasgenerelleDeformationsprinzifestattewvielfaltige Anwendungen,
wie beispielsweisdie AnpassunginesReferenzkopfeanindividuelleScandaterym
animierteKopfmodellerealerPersonerzu generierenDie in dieserArbeit beschrie-
benenTechnikenwerdenan menschlicherKopfmodellendemonstriertsind jedoch
mit wenigenAnderungenim Konstruktionsproze®bensoauf kiinstlicheKreaturen
anwendbar

Die Deformationstechnibasiertauf im GesichtangebrachteMarkierungspunk-
ten, was zu weitereninteressanterAnwendungenfiihrt, wenn diesemit Standard-
MeRpunktenaus der Anthropometrieidenti ziert werden: Mittels einer Datenbank
von GesichtsmessungekbnnenformgebendeéAttribute des Gesichtesn sinnvoller,
kontrollierter Weiseverandertwerden.Als konkretesBeispiel stelleich die Simula-
tion desindividuellen Kopfwachstumsson der Kindheit bis zum Erwachsenenalter
vor. Weiterhinkann ein Gesichtausder Geometriedes Scradelsunter Kenntnisder
AbstandezwischenHautund Knochennaherungsweisabgeleitetverden DieseAn-
wendungerdemonstrierenie NutzlichkeitdesvorgestellterAnsatzeswuchaul3erhalb
derComputegraphik,wie beispielsweisén derForensik.

Im folgendensind die wesentlicherBeitragedieserDissertatiornocheinmalzusam-
mengefalit:

Ein anatomiebasiertesK opfmodell: Die wichtigstenstrukturellenKkomponen-
tendesmenschlicheKopfessindexplizit in dasvirtuelle Gegenstickintegriert:
Eine exible Hautober ache, ein neuartigedModell fur virtuelle Muskeln die
die Animation steuern,ein eingebetteteStadel an den Haut und Muskeln
ankriipfen,sovie separamodelliertegeometrischébjektefir Augen,Zahne
undZunge Ein Masse-FedeNetzwerkverbindetHaut, Muskelnund Knochen.
Zusatzlichist eineMengevon MarkierungspunkgnaufderOber achevonHaut
und Schadel BestandteidesModells. Das Modell und die korrespondierenden
Algorithmenernibglichenphysikbasierté&chtzeitanimation.

Eine universelleDeformationstechnik fiir das Kopfmodell: Die gesamtevir-
tuelle Kopfstrukturwird mittels einerauf denMarkierungspunkteberuhenden
Techniksimultanverformt; dasresultierendeModell ist ohneweitere Arbeits-
schrittesofortanimierbar

Erzeugunganimierbarer KopfmodelleausScandaten Ein Algorithmuswird
vorgestelltderdie Deformationstechnikur Anpassunginesgenerischeikopf-
modellsan Scandatererwendet.
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Simulation menschlichenK opfwachstums Aufbauendaufanthropometrischen
Messungendie ebenfallsMarkierungspunktem Gesichtverwendenwerden
die FormweranderungeresmenschlicherKopfesvom Sauglingsalteibis zum
Erwachsenesimuliert.

Rekonstruktion von Gesichten aus Schadeldaten Die von mir vorgestelle
Technikermbglichtschnelleund e xible Erzeugungron Gesichtsrekonstruld-

nenaufvon einem3D-Scanneerfal3terSchadeln. Anwendungerhierfur nden

sichvor allemin derForensik.
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CHAPTER 1

Intr oduction

| never forgeta face,butin your casel'll begladto makeanexception.
— Groucho Marx

Every singlehumanfaceis unique— in its look, its shapeand proportions,aswell
asin the speci c waysof articulationandexpressionthat are so characteristidor an
individual. This simplefactis boththe blessingandthe curseof computergenerated
facial animation. It's a blessingbecausahe humanperceptuakystemcandeal with
awide rangeof differentfacesin everydaylife. The acceptableshapevariationsthus
allow for alarge numberof possiblevirtual faces,makingit easyto createafacethat
hasa recognizableunmistakableappearanceln the handsof a skilled animator vast
distortionsof shapeandexaggeratediming of motioncanevenincreaseheperceved
realismof an animation,as LASSETER hasshawn in his seminalpaperon the prin-
ciplesof animation[Las87. However, the uniguenes®f facescanalsobe a curse:
the ef ciency of the perceptuabystemenablegeopleto disambiguatdaceswith ex-
tremelysubtledifferencesThis makest hardto createa virtual facethatcorvincingly
resembles real person,especiallysomeondamiliar. A deviation in eventhe tiniest
nuancen theshapetexture,or motionof thefaceis immediatelyrecognizegswrong.

The creationof computeranimatechumanfacesis a long-standingandchalleng-
ing problemsincethe early 1970s. As PARKE hasnoted[Par82, the morerealistic
animatedacesare,the morecritical andlessforgiving the humanobsenrer becomes.
Early facemodelscould be clearlyrecognizedasbeingarti cial, while the degreeof
realismthatcanbe achievedtodayoftenleavesthe obsenrerwith anuneasyeeling of
being*“tricked” into a awed illusion. From this point of view, facial animationhas
actuallybecomeevenharder with theadvanceghathave beenmadeover theyears.

Therearenumerousapproacheso facial animation,all strugglingwith the enor
mouscompleity of thehumarfacein geometryandin motion. Tothisday, nogeneral-
purposesystemexists that solvesthe problemin a mannersatisfyingthe needsof all
practicalapplicationsln themedical eld, highly accurateeproductiorof arealhead
is requiredto enablewell-informeddecisionsn sugery planning.Animation capabil-
ities andcomputationtime are notimportant. On the otherhand,realismis of minor
concernin interactive dialog systemor computergames Here,the animationmerely
hasto look plausible but playin realtime. Evenareal-life modeldoesnot needto be
reproducedvith all subtletiesof facial shapeandtexture.

An obviousapproacto achiese generalityis the simulationof theinnerworkings
of arealface.High expectationsaretied to physics-basedystemswheretheultimate
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goalis to have the full rangeof conformationand expressvenesdn the faceemepe
“naturally” throughprecisemodelingof the anatomicaktructureandaccuratesimula-
tion of tissueproperties PLATT andBADLER putthisinto wordsin 1981[PB81]:

“Analysisandsimulationof the facearebasedon the actualstructureof
theface.Therefore ary constraintor peculiaritiesof therealfaceshould
appeamithin the systent.

This vision hasso far only beenrealizedin parts, and no currentimplementation
catchesall the intricaciesof the humanface. But the potentialfor continuousim-

provementis huge,oncean anatomy-baseframeavork is established:with medical
progressmore knowledgeabouthumananatomywill be acquired,leadingto more
accuratemodelsof the structureof the humanheadandof facial dynamics.Advances
in numericalalgorithmsandmorepowerful hardwarewill leadto moreaccuratesim-

ulationsandthusmorecorvincing animations.

1.1 Motiv ation

Traditionally, the computationatostof physics-basedimulationhasbeenprohibitive
for generatiorof real-timefacial animationon consumeiclassPC hardware This has
changediramaticallyin recentyears,makingfasthigh quality animationpossibleon
currentdesktopcomputersBut, apartfrom therun-timeissuesgonstructinga virtual
headmodelwith the complex structureof skull, musclesandskin is non-trivial, re-
quiring artistic skills andtime. This situationprovidesthe motivationfor my thesis:|
proposeananatomy-basedirtual headmodelthatis animatablén realtime usingnu-
mericalsimulationtechniquesdrivenby anadwancedacial musclemodel. To reduce
the cumbersomevork of model construction,a deformationtechniqueis presented
thatallows, for instanceadaptatiorof the completeheadmodelstructureto scandata
aswell asothermodi cations of headshape All creatednodelsareinstantlyanimat-
able,unifying theusualstepsof modelingand“rigging for animation”. Theanimation
parametersresharedetweermodels thusenablingre-useof animationscripts.

The structuraldeformationtechniquetakesadvantageof existing anthropometric
knowledge. Using a databaseof facial measurementsshapeattributesof the face
can be changedin a controlled, meaningfulmanner As an example,| shav how
statisticallyplausiblegrowth of anindividual headfrom childhoodto adult agecan
be simulated.Furthermorepasedon known skull / skin distancerelationshipsa face
can be approximatedrom the skull geometry Theseapplicationsdemonstratehe
usefulnes®f theapproactoutsidetherealmof computergraphicsfor instancejn the
forensicsciences.
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1.2 Notation

Following is a list of the more importantnotationalcorventionsin the text, mostof
which relateto the mathematicaparts.

Scalarsarewrittenin italics, usingupperandlower caselatin andGreekletters:
a;b;C; ; . Integralquantitiessuchas“the numberof elementdN” arealways
denotedn uppercaseletters.

Namesof scalarfunctionsarewrittenin Romanface:f( )

Vectors points,andvectorvaluedfunctionsarewritten in lower case pbold let-
ters:a 2 R3;x(t).
01
a
Vectorsarecolumnvectorsby default:x = @bA = (abc)T.
c

To reduceclutter, insteadof writing e.g. x(t), the shortform x is sometimes
used,whenthe function argumentis clearfrom the context, or x! whent can
assumenly discretevalues.

Matricesarewrittenin uppercaseboldletters:A ;B ; C.
Setsarewritten in uppercasecalligraphicletters:A; B; C.

x(t) andx(t) denotethe rst andsecondlerivative of x, respectiely.
Physicalunitsarewritten in Romanfont: kg, m, s.

Codefragmentsaresetin typewriter font .






CHAPTER 2

Applications and Expectations

I canthink of nothingmore boring for the Americanpeoplethanto haveto sitin their
living roomsfor a wholehalf hourlookingat myfaceon their televisionscreens.
—DwightD. Eisenhower

Before delving into the technicalitiesof facial animation,a thoroughlook at the
rangeof applicationdor virtual facesis in order As the quoteabove indicatesthere
shouldbemoretoit thanjust puttingafaceonthescreenln reallife, humanfacesplay
amajorrolein visualcommunicationgspeciallyin socialcontets: we look at, listen
to, andtalk with mary realfaceseveryday In addition,humanfacesare depictedin
drawings,in themovies,or sculptedn stone.Possibleapplicationdor facialmodeling
andanimationcanbe seenin all thesereal-life scenariosalthough,mary ideasmight
seemfar-fetchedconsideringthe currentstateof technology Still, facial modeling
and animationon the computeris alreadyemployedfor applicationsthat could not
be realizedwithout its computationapower andvisualizationcapabilities.Giventhe
virtually endlesgotentialusesfor virtual faces theattemptto assemblenexhaustie
list is probablyfutile. Instead, will focuson whatseemgo be the commonground
for all applicationdomains:visual communication.To clarify the differentpractical
requirements| have picked a few examples—partlyalreadyrealized,partly still in
research—androupedthemaccordingto thesemodesof visualcommunication:

Examination: Here,the virtual faceis merely beinglookedat in termsof recogni-
tion or aesthetigudgment. While facial dynamicscan play a major role, for
instancejn recognizinga face,mostexisting applicationsheredealwith static
facemodels.

Monologue: A virtual headis talking to the user relatinginformation,andpossibly
alsoemotionsyia theface.

Man / machinedialog: A virtual characterand the userinteract. This requiresa
back-channdirom the userto the computerto enablea properreaction.

Immersive dialog: In anervironment,whererepresentationsf realusersandvirtual
charactersoexist, differentdialog con gurationsariseand often changein a
dynamicmanner
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This classi cation shouldallow for somegeneralinsightsinto importantelementsof
successfulisesof virtual faces.In the morecomplex dialog scenariosthe considera-
tion of humancommunicationskills become<rucial: a dialogis alwaysexpectedto
follow certainrules.If thereis amismatchbetweerthe signalsandexpectedreactions
of oneor bothof the peerscommunicatiorcanbe severely disturbed.This chapteris
alsoaboutsuchexpectations.

2.1 Examination: Modeling and Manipulating Faces

To be ableto obsene avirtual face,it obviously hasto be modeledrst. Acquisition
of real-worlddataand modelingoperationson the headgeometryare the main con-
cernsin this categyory. Apart from purely artistic modeling,thereare alsoimportant
applicationsin suchvital elds ascriminology andmedicine,which | will discussin
thefollowing sections.

2.1.1 Criminology

A largepartof law enforcementvork dealswith constructionjdenti cation, andmod-
i cation of facialimagesandmodels.To this day; thiswork is largely carriedout with
the helpof skilled artists. For instancea crime victim describedacial featuresof the
felonto anartist,who dravsandimprovesanimage until theresultlookscloseenough
to the victim's mentalimage. A variationof this approachusesphotographswhere
templatedor thethreemajorfacialregionsarecombined.Thisis alsoeasilydonewith
2D imageson acomputer Givena 3D facemodelwith a suitableparameterizatioto
modify thelayoutof facialfeaturesthis approactktanbefurtherre ned andimproved,
ashasbeensuggestethy PARKE [Par82. Theissueof facial parameterizatiowill be
pickedup againin the next chapter

Whena person,especiallya child, went missing,therecan be large changesn
appearancever time, which may preventidenti cation dueto outdatedohotographs.
It is thusimportantto modify attributesof the facein the picture,suchasthe haircut
asa simple case. More dif cult is the simulationof agechangeswhich is usually
doneby an artist with the help of imageprocessingools on the computer A lot of
knowledgeaboutanthropometri¢acialmeasuremen@nddevelopmenduringgrowth
is needechere. This kind of processinganalsobeperformedon a 3D model,aswill
bediscussedn ChapterB.

Lastly, theremainsof a deceasegersonmay consistof nothingmorethana few
bonesanda skull. For identi cation, it is commonpracticeto manually modelthe
tissuelayersontop of the skull in clay, usingassumptionabouttissuethicknessage,
weight, and other physicalattributesthat can be derived from the materialat hand.
Reconstructinghe facein this way, it is often possibleto identify the person,and
a comparisonwith picturessometimesshaws a surprisinglygood match. A virtual
counterparbf this facereconstructionechniquewill alsobe discussedh Chapter8.

Forensicillustration asdiscussedbove is still consideredan art form asmuchas
a scienti c endeaor. A detailedstudyof the eld canbe foundin TAYLOR's text-
book[Tay01].
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2.1.2 Medicine

Inthemedical eld, useof andresearctonvirtual headmodelsconcentratemainlyon
pre-operatie planning,for instancejn plasticsugery Successfupredictionsof the
effectsof an operationcritically dependon anaccuratemodelof the head,including
the material propertiesof hard and soft tissues. A realistic modelrequiresreliable
acquisitionof detailed volumetricpatientdata. Volumescannerdiave limited spatial
resolutiondependingon their type (commontechniquesareCT, MRI, andPET),and
the differentscanningechniqueslsovary in thetype of tissuethey aresuitedfor. It
maythusbe necessaryo combinesereralscansnto onedataset. Givenenoughdata,
for a working model of the headthe functionalcomponentsnustbe extracted,such
asskull, musclesandskin. To determinethe outcomeof a surgical operation highly
accuratesimulationof thebehaior of facial skin, the bonestructure andothertissues
mustbeachieved.

From dataacquisitionover building the modelto the simulation,mary approx-
imationsare inevitably made,leadingto a signi cant amountof uncertaintyin the
nal system.For clinical applicationsyalidationof simulatedresultsis thusof prime
importance—onlyif the resultscanbe trustedto be similar to the actualsurgery out-
come, the simulationcanbe helpful in practicalplanning. Thesegreatdemandson
accurag posea numberof hard researchproblemsand involve a large amountof
computations.In contrast,run-time speedof the simulationis not critical, although
interactity enablesisagen the operatingroom.

2.2 Monologu e: Talking Heads

In the previous examplesthe virtual headmodel doesonly communicatets shape
andoverall appearanceandremainsmostly static. If contentis to be broughtto the
obserer, the needfor animationarises:a facecantalk to us by corveying emotions
andthroughthe spokenword.

2.2.1 Movies

In recentyears,an increasingnumberof completelycomputergeneratedull-feature
movieshave appearedh theatersAs muchasin real-worldmovies,thefacesof actors
play acrucialrole in the creationof arich atmospher¢hatcarriesthe audiencealong.
The somevhat magicalquality of suspensiomf disbeliefis still the cornerstonef a
successfuhnimation.Not only high quality rendering but alsometiculousstagingand
timing areessentiahere. For instance the much-discusse@001feature“Final Fan-
tasy: The Spirits Within” [SM01] shows perfectrenderingand modeling,including
theactors'faces.Still, thecharacterappeatifelessin animation,comparedo atech-
nologicallyoutdatedim like “Toy Story” [Las95],despitethe decidedlynon-realistic
look of the charactersn the latter. The requirement®n facial animationarein either
casevery similar: artistic freedomin sculptingandanimatingthe faceis imperatie,
evenmoresoin cartoon-likeanimationor fantasy Ims. Facial expressionsare often
manipulatedon a frame by frame basis,to get exactly the right timing and motion
neededy theartistto corvey the messag®f ascenelt is typicalto work in a hierar

chicalmanneri.e., to roughoutthe basictiming and o w of a motion sequencerst,
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andthenaddthe details. High quality renderingis very important,wheremuchwork

goes,for example,into realistic shadingof skin andhair. This becomesncreasingly
critical themorethe characteraresupposedo look like realhumanbeings:facesare
oftenshawn in close-upswheresubtleinconsistencies appearancer facial expres-
sioncandestroythesuspensionf disbelief. Thistypeof animationis usuallyrendered
over weekson renderfarmsconsistingof possiblyhundredsof CPUs.

2.2.2 The Virtual News Person

Thisis aclassicapplicationfor facialanimation.News-readingo anaudienceverthe
television screerhasbeenconceved very early asan exampleusefor talking heads:
usually news arereadin a neutralfashion,so emotional,expressve animationis not
predominant.More importantis corvincing speechsynchronizatiorfHPW88 LP87,
BS83], which also becomeseasierwith languagethat is not tinged by strongemo-
tions. Furthermorethefaceis typically heldin arelatively staticposition,facingthe
viewer frontally. Avoiding headandcameramovementsmakesimage-base@D ani-
mationpossibldn this scenario While theanimationscanbe pre-rendere@ndplayed
backlateron, the ubiquity of the Web hasleadto a new breedof streaminganima-
tions. animationparametersre deliveredcontinuouslyto the users browser where
a small applicationinterpretsthemand rendersthe nal imagein a window. Com-
paredto streamingenderedmages this methodreduceghe necessarpandwidthto
just a fraction. Here, the questionof a suitableparameterizatiomeappearsit should
be powerful enoughto allow ef cient encoding,but the userside applicationhasto
run stably with low resourcesso comple computationgo translatethe parameters
into renderedanimationframesare not feasible. One approachto streamingfacial
animationhasnow beenstandardizeih the MPEG-4speci cation[Koe02],enabling
independenproductionof contentandplaybackapplicationswhich have usuallybeen
tied togetherby proprietaryprotocolsanddataformats.

2.3 Man / Machine Dialog: Responsive Characters

Successfucommunicationbetweena humanbeing and a machineis a challenging
goal, and the size of the problemhasled to the rise of a dedicatedresearcheld:
human-computenteraction(HCI). Importantin the contet of facialanimationis the
dialog betweena virtual face and a real user or the dialog betweenusersmediated
by virtual faces. One of the main issuesin ary suchdialog settingis the lack of
informationthatthecomputethasaboutuseractionsmakingit hardto generat@roper
responses.

2.3.1 Games

Computergamessharesomeof the qualitiesof animatedfeature Ims, asthey are
telling a story and attemptto createan immersie setting. In real-timegames,the
highestpriority liesontheinteractvity andthesmoothnessf animation.In contrasto
Im, thequality of facial animationin agameis thusdrivenby the availablehardware
resourcesanimportantfactorbeingthe graphicsboard,which is usedfor accelerated
rendering. Given the technologicalprogressin both hardwareand software,game
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graphicsare constantlyimproving, andit is concevable that cinematicquality will
bereachedn the nearfuture. A trendthatcanalreadybe obsenedis theincreasing
replacemendf pre-renderedut scenesvith scriptedanimationgplayedbackwith in-
gamegraphics.Gameoftenusecomputationallycheaprelatively simplemechanisms
on coarsepolygonmodelsto achieve real-timefacial animation.

2.3.2 Dialog-Based Interfaces

As of today interfacingto a computeris far from resemblinga normaldialog situa-
tion. Usinganautomatedeller machine for instancejs very differentfrom talking to
aclerkatthebank.In dialog-base@pplicationsit is importantto considethumanex-
pectationpertainingio themechanismsf acorversationsuchaspropersignalingand
reactionto signals.Correctinterpretatiorof the usersinputby the computeiis highly
dependenon the machines input communicatiorchannels Currently mostcomput-
ersemploythe desktopmetaphorto provide a virtual work ervironment. The limita-
tionsbecomeobviouswhenalot of informationneedgo be exchanged—typicallyoy
meansof clicking dialogwindow buttonsandenteringtext, sincetheinputchannelf
adesktopcomputerarelimited to a keyboardanda mouse.The searcHor other more
naturalandrichermeansof communicationhasled to theadwentof speechreproduc-
tion andrecognitiontechnologiesResearcton corversationalinterfacespromiseso
makesuchspeechnterfacegnorelifelike andbelievable[Lai00]. Studiesindicatethat
multi-modalinterfaceswhich supportthe audiowith ananimationof a talking head,
canenhancéehedialog. Onthe otherhand,aninterfaceincorporatingaudioandvisual
imagescanleadto far moreacceptanc@roblemsthana purely text-basedsystem:if
theillusion of humanbehaior cannotbe held up corvincingly, feelingsof disbelief,
deceptionandboredomcaneasilyappear

Consideringnot only faces,but completecharactersexperimentswith embodied
conversationalagentfCBB™ 99, CB0(Q] have shavn thattheinteractionbetweerman
andmachinecan be madenot only more pleasantput also more effective by letting
the computermimic typical humancommunicatiorbehaior. Among the corversa-
tional skills an agentemploysto createan atmospher®f trustarereferralsto earlier
encountersgxposingdetailsaboutoneself,and being a good listener With a com-
pletecharacterit is alsovery importantto keepbodylanguageandfacial expressions
consistent.

2.4 Immersive Dialog: Inhabited Virtual Worlds

Computercontrolledcharactersandrepresentationsf real users known asavatars
coeist in virtual ervironments. Two or morevirtual charactersanbe engagedn a
dialogamongthemseles,a virtual characteanda usermaytalk with eachother or a
groupof usersmay communicateéhroughtheir virtual representationsSTEPHEN SON
hasdevelopeda futuristic vision of the avatarscenarian his in uential novel “Snow
Crash”[Ste00], where he describesa nearly seamlessntegration betweenreal and
virtual worlds. Sofar, only very limited variationsof the themehave founda placein
reality, two of which | will discusshere.
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2.4.1 Collaborative Work Environments

A groupof distantco-workerscanbe broughttogetherfor working on a projectusing
a sharedvirtual space.This is essentiallyan extensionto teleconferencingwherethe
participantsare representedy avatarsin the virtual space,andthey may not only
communicateo exchangeideas,but alsojointly accesslocumentor objectsin the
ervironment. Most naturally eachpersonis representedvith his or her own face,
which raisesthe questionof how anacceptableeproductiorof anindividualfacecan
beachievedwithouttoo mucheffort. Easeof useis critical in theseapplicationssince
an overly comple setupor avkward controlsmay leadto rejectionof the system.
A very dif cult problemis the crediblereproductiorof a persons typical expressions
andgestureslin addition,thenetworkecdhatureof avirtual ervironmentraisegractical
issues:animationamustbe transferredo anddisplayedon a numberof workstations,
if possiblein real time. Compressiortechniquesand ef cient coding of geometry
andanimationarevital here. This is morecomple thanin the news personscenario
discusseefore, sincethe ervironmentis highly dynamic: naturalcommunication
betweerevenonly two participantghroughtheir virtual facerepresentationsasto be
very quick andaccurateo avoid latenciesand misinterpretationshatwould give the
dialoganawkwardfeeling.

2.4.2 Social Spaces

Collaborationin a groupof peopleis anactiity thatis often morein uenced by per
sonalfeelingsand social issuesthan by the taskat hand. Thus, collaboratie ervi-
ronmentshave muchin commonwith virtual social spacesthe graphicalequivalent
of text-basedchatrooms. Focussedn suitability for homeuse,the demandsandre-
strictionson suchsystemsare even greater Dataacquisitionfor capturingindividual
appearanc@asto be cheap,simple,andfast. On home desktopcomputersguality
lossesn renderingand animationareacceptablen favor of interactive execution,re-
quiring adaptationto local computationaresources.The quality thresholdis at the
level of recognizability but in a pure social contet the vanity aspectshouldnot go
unmentioned:peoplewant to look goodevenin virtual reality. Of course,fantasy
modelsandfamousactors'facesalsohave their partin this, for anorymity or the fun
of masquerade.

2.5 Summary

As canbe seenfrom the abore examples,the existing and potentialusesfor facial
modelingandanimationspana wide rangeof scienti ¢ andartistictopics. Depending
ontheapplicationcontext, realizationof afacialanimationsystenrequiresknowledge
from suchdiverse elds asstory-telling, psychology biology, physics,medicine,de-
sign, and of computerscience.In the computergraphicsdomain,the challengesn-
cludeproblemdrom geometrianodeling renderinganimation humericakimulation,
interactiontechniquesandsoforth. Thesystenrequirementsary greatlywith thetar
getedapplication.Thevarietyof facial animationtechniquegurrentlyin existenceare
examinedin the next chapter
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We are continuallyfacedwith a seriesof greatopportuniies
brilliantly disguisedasinsolubleproblems.
—JohnW. Gardner

Bringing animatedfacesto the computerscreencontinuesto be an active areaof
researctsince PARKE published rst resultson the topic threedecadesgo[Par72].
While impressve progresshasbeenmadein the meantime poth technologicallyand
methodicallytheproblemcanstill notbe led assolved. Theapproacheto modeling
andanimationof facesdocumentedh theliteraturearediverseasmary sub-problems
speci ¢ to the variousapplicationareashave to be dealtwith. TErRzorPouLoOs and
WATERS have describedhe processof facial animationfor their system[TW90] as
goingthroughahierarchyof abstractiongranslatingvery high-levelanimatiorrecipes
into renderedmages.Generalizingrom this descriptionacommonprocesdor facial
animationcanbelaid dowvnin ve stages:

1. Expression: Facialexpressionand/ or phonemesf speci c intensityandduration
arespeci ed.

2.Control: Expressionsre corvertedto a setof animationparametevalues. Pho-
nemesaremappedo their visualcounterpartsyisemeswhich canbeexpressed
asanimationparameters.

3. Simulation: The facial animationparametersreinterpretedpotentiallyperform-
ing complex computationsasedon an internal headmodel. The model may
incorporateknowledgeabout,for instancehumananatomyor facial dynamics.

4. Geometry: Thegeometrianodelof the headis updatedaccordingto the resultsof
thesimulation.Partsof ananimationcanbe carriedout purely onthegeometry
level, by interpolatingbetweemeighboringsimulationresults.

5.Images: Thegeometryis nally rendered.

The compl«ity of eachof thesestagesvariesgreatly with the particularanimation
approach.For instance the simulationand geometryprocessingstagedor an algo-
rithm basedon 2D imagesmight reduceto selectionof the right imageto display On
the otherhand,in afull- edged physics-basedystem the simulationpartcanbe ex-
tremelycomplex. Sincemodelpropertiesandanimationtechniquearetightly coupled,



12

CHAPTER 3. STATE OF THE ART

mostpublishedmethodsproposeantegratedsolutionsfor modelingandanimation,of-

ten combiningseveral old and new approachesln this surwey of the existing body
of work | will attemptto discussthe differentproblemareasoneby one,which may
leadto severalmentionsof somepublicationsdueto their integratednature. To keep
the size of this chaptermanageablé, restricthereto rathergeneraltopicsandissues
of facial animation. Researchhatis relevantto speci ¢ sub-problemdreatedin this

dissertationfor instance on faceaging,or numericalintegration, is discussedn the
correspondinghapter

3.1 Animation of 2D Images

The standardgraphics-enableavorkstationusesa at rasterimagefor display An
obvious approachto animationis thusto stick to imageswithout makingthe detour
over constructionand renderingof a geometricmodel. Animation from input pho-
tographsgenerallyrequires2D morphing, usuallybasedon the speci cation of fea-
tureson thefaceimagethatis to be animatedBN92]. Subtlechangesn detailthatin
reality accompan facial expressionsarenotincludedin suchawarpedimage.Liu et
al. [LSZ01] capturethe changesn illumination on onepersons facewhenmakingan
expressionand mapthesedetailsonto anothey possiblywarped,photograph.While
this methodshaws substantiaimprovementon morphsof still imagesof faces,it is
notdirectly usablefor animation.A hybrid betweerimage-basedndgeometry-based
methodss the DECfacesystem{WL93], which mapsa frontal photograptontoa 2D
polygonmodelcomprisedf 200 polygons.

Insteadof still pictures, Imed sequencesanalsosene asinput to a facial ani-
mationsystem. BREGLER et al. [BCS97] stitch togetherimagesfrom video footage
of a speakingactor to createanothervideo that shavs the actor mouthing new ut-
terances.New framesare compositedrom the existing material,choosingthe best
availablematchif a particularphonemecant be exactly visualized. Building on the
sameidea, EzzAT et al. [EGP0J usea multidimensionalmorphablemodelto syn-
thesizenew mouth con gurationsnot presentin the input data,leadingto improved
results. BRAND et al. [Bra99] useinput video footagewith audioastraining datato
generatdacial animationparameterérom new audiosequencethat canbe usedfor
warping2D imagesaswell asfor driving geometrianodels.

A big advantageof image-basethethodss their conceptuasimplicity: if aphoto-
graphor videofootageis used theresultis inherentlyphoto-realisticandno modeling
of thedifferentpartsof aheadis required.Thepriceis thelack of freedombothfor the
viewer andthe modelitself: a changeof posturethatrequiresappearancef features
invisible in the input, suchasthe teethor wrinkles, cannotbe donewithout further
modeling. Likewise, a changein lighting conditionsor realisticembeddingnto a
three-dimensionatrvironmentis not possible. Applicationsfor this kind of anima-
tion lie in userinterfaceagentsproperlip syncin dubbedmovies, or thevirtual news
person.
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3.2 3D Head Modeling

Due to the limitations of two-dimensionaimage manipulationtechniquesmost of
the existing work on facial animationandmodelingfocuseon three-dimensionani-
matedgeometry Modelingandanimationareoftencloselyrelated becaus¢heanima-
tiontechniquegypically requireacertainmodelstructure Dependingontheapproach,
this structurecanbe highly complex. Modeling concentratemainly on representation
of theskinsurfacesincetheskincompriseshelargestvisible areaof theface,andalso
is subjectto large deformations.Nonethelessthe otherpartsof a headsuchaseyes
andteethneedto bemodeledtoo. A three-dimensionajeometrianodelisin practice
limited in resolution,andthe reproductiorof subtledetail, notablyfurrows andwrin-
kles, is often problematic. Commonly geometricheadmodelsarethusimproved by
textures.

Themostsuitablegeometricepresentatioandmodelingmethodfor aheadmodel
depend®ntheapplicationcontext andquality requirementsis a precisereproduction
of anexisting humanfaceneededa synthetichumanface,or afantasycreature Does
theanimationrunin realtime or is it precomputedEspeciallyin interactive or real-
time approachegrianglemesheor quadmeshesirecommon while for high quality
renderingsplinesurfacesandsubdvision surfacesareoftenused.

3.2.1 Modeling Synthetic Human Faces

Headmodelsthathave no counterparin reality areusually preparednanually using
commerciaimodelingpackagesAnotheroptionis physicalsculptingof a prototype,
which is thendigitized. For synthetichumansthe possibleand plausibleshapevari-
ationsare limited, motivating methodsthat modify a genericheadmodel. PARKE'S
[Par82]polygonalfacemodelhasseveralconformationaparameterto adjustthesize,
shape positioning,andcolor of the variousfacial features.As PARKE notes,thereis
little theoreticalfoundationfor the chosensetof parametersandhe doesnt claim it
to beideal or even complete. The meshfor his face modelis hand-tunedor proper
animation,in sofar asmorepolygonsareinsertedn areasof strongdeformationand
edgesarecarefully alignedto facial featuresto controlwrinkling of the surface.An-
otherprocedurabpproactio synthesi®f plausiblesynthetichumanheadswith realis-
tic proportionshasbeenpresentedy DECARLO etal[DMS98]. The headgeometry
is representetby a B-splinesurface which is deformedaccordingto anthropometric
constraintstakenfrom existing statisticaldata. The methodis demonstratedn static
modelswith no animationcapabilities.

3.2.2 Modeling Real People

The bulk of thework in facial modelingfocuseson replicationof headsof real peo-
ple. This requiresacquisitionof skin geometryeither from photographs3D range
scannersor volumescannersGenerally increasediccurag comesat the expenseof
substantiallyincreasedardwarecost,andrequiredongerandmorecomplex acquisi-
tion procedures.

Apart from the skin, importantpartsof a complete,animatableheadmodelare
gyes, teeth,andtongue. Thesepartsaretypically modeledas genericobjectswhich
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have to be alignedto the headmodelgeometry[Par82, LTW95, MGRO0O0]. Though
advancedmodelsfor thetongueandthelips have beenproposedGMTA™* 96, KPOO0O,
KPO0O0], their shapeandappearancareusuallynot acquiredfrom real persons.

Photographs

Much researcthasgoneinto generatiorof 3D modelsfrom photographssa cheap
andwidely availabledatasource.BLANZ etal. [BV99] usean extensie databasef
scannedeadswhich wasbuilt up from 200subjectsy acquiringfacegeometrywith
arangescanner Fromthe data,a facespaceis derived by statisticalanalysiswhere
eachpoint in the spacerepresents face. Givena photographan algorithmsearches
for the face shapeandtexture that bestresembleghe portrait. The generatedstatic
modelis adensetexturedmeshof scanresolution.PIGHIN etal. [PHL* 98] deforma
genericmeshmodelto adaptt to photographsakensimultaneouslyrom multiple un-
calibratedviews, in practiceusing ve camerasin all theviews, asetof featurepoints
correspondingo a subsetof the face meshverticeshasto be interactively marked.
Giventhe correspondenceshe poseof the headandthe 3D positionsof the marked
featuresarerecovered,andthe deformatiorof theprototypemeshis computedy scat-
tereddatainterpolation. The resultingmodelis texturedusingthe samephotographs.
In a simplervariantof this approacha coarsepolygonalheadmodelis constructed
from afrontal anda sideview of apersonfLMT00, LWMT99], likewisedeforminga
genericpolygonmeshprototype.

Range Scans

The geometryof a face canbe acquiredwith much higher resolutionand accurag
using rangescanningdevices. A detailedintroductioninto the procedureand prob-
lemsof dataacquisitionusingrangescannergannotbe given here. An overview of
commontechniquesanbe foundin KoBBELT etal. [KBB* 00]. Meshesgenerated
from rangedataare usuallymuchtoo densefor real-timeanimation,dueto the high
resolutionof modernrangescanners.While in principle meshdecimationmethods
canbeappliedto obtaina meshresolutionsuitablefor animationflCMS98, muchbet-
ter resultsareachieved by adaptinga genericheadmodelto the scandata,makingit
alsopossibleto skip initial meshgeneratiorfrom the scans.The approachpresented
by LEE etal. [LTW95 usescylindrical Cyberwarerangescandata. Usingtheinher
ent planarparameterizatiof suchscans,a attened genericface meshis tted in
the planeto featuresof the texture, obtainingthe nal vertex positionsfrom the cor
respondingdepthmap. The moving facial partseyeballs,eyelids, teeth,andtongue
aremodeledas separatggeometricentities. MARSCHNER et al. [MGROQ] alsostart
outwith laserrangescansandconstructa subdvision surfacewith displacementnaps
from thatdata. Thesubdvisionsurfacds constructe@nagenericcontrolmeshwhich
is tted to the scandataby continuousoptimizationover vertex positions. The nal
meshis generatedby subdiiding the control mesha numberof timesandcomputing
displacementalongthe vertex normals. Noteworthy in MARSCHNER's work is also
agenericeye model,whichis matchedo andstitchedinto the facemeshto achie/e a
seamlesslend.
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Volume Scans

In medicalapplicationsyolumescansarethe preferredmethodof headgeometryac-
quisition, allowing to obtaininsightsinto theinternalboneandtissuestructure. Typi-
cally datafrom computedomography(CT) or magneticresonancémaging(MRI) is
used. If surfacedatais additionallyacquiredusinga rangescannerit mustbe regis-
teredto the volumedataset[KGC* 96, KGPG94. This sggmentatiorcanusuallynot
be performedfully automaticallyandis thusaidedby interactive procedurestequir
ing a lot of experienceon the sideof the user Hard andsoft tissuescanbe separated
by segmentation{DCH88]. For simulationof facial suigery, KocH etal. [KGC* 96]
connectafacemeshto the bonestructureobtainedrom CT data.In asimilar context,
Aok etal.[AHTNO1] construciagenericheadmodelincludingskin surfaceandskull
structurefrom CT data.For eachsubjecttwo x-ray imagesanda frontal facialimage
aremarkedinteractively with landmarks.The genericmodelis thenadaptedo these
images.

3.3 Rendering Faces

Whatever methodis usedfor modelingaface, nally it hasto be shovn onthescreen.
In mostreal-timesystemspolygonmeshesare usedfor renderingheadmodels,en-
hancedwith texturesfrom photographdLWMT99, LTW95, PHL* 98, GGW" 99].
PIGHIN etal. [PHL" 98] notethatthe constructiorof a singletexture mapfrom mul-
tiple photographiwiews leadsto slight blurring dueto resamplingandregistrationer
rors. They improve renderingresultsby mappingandblendingthe input photographs
in aview-dependenmannerduringruntime. Sinceuntil very recentlybumpmapping
wastoo expensve to be carriedoutin realtime [TCRS00],subtledetailsuchasfacial
wrinklesis oftensimulatedby additionalcolor textures[LWMT99, WKMMT99]. For
controlof renderingspeedversugquality, level-of-detailmethodshave beenappliedto
animatedacesbuilt from polygons[SMTO00].

In lesstime-constrainedettings,the are more possibilities for improvementof
skinappearancelNu etal. [WKMMT99] provide severalrenderingoptions,enabling
bump mappingor displacemenmappingfor more realistic renderingof wrinkles or
skin micro structure.DEBEVEC andMARSCHNER acquirethere ectance eld of fa-
cial skin[DHT* 00, MWL * 99, MGROO] undercontrolledlight. Sincea photographed
faceis alwayslit accordingto the speci ¢ conditionsunderwhich theimageis taken,
mucheffort is putinto removal of lighting information,sothatafacecanberendered
undernew, simulatedighting. Whensyntheticfacesaremodeled this type of captur
ing problemsis notpresentput greatcarestill hasto betakento achieve skinrendering
with naturalappearancegspeciallyin movie production[A* 01].

In non-real-timesettings facial wrinkles canbe representeih the geometry V-
AUD et al. [VY92] constructexplicit bulgesalongisoparametridines of the spline
surfaceusedfor thefacemodel. Creasesindwrinkles canalsoelegantlybe supported
when a subdvision surfacemodelis used[DKT98]. Smoothscalar elds canalso
be constructedn sucha surface which is usefulfor parametridexture mappingand
procedurakhaders.
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3.4 The Parameterization Problem

Giventhe geometricrepresentationf a headmodel,the questionariseshow the ani-
mation shouldbe controlled. Seenfrom the implementatiorside, the mostobvious
methodis directmanipulatiorof thede ning parametersf thegeometryi.e.,thecon-
trol pointsof a splinesurface the verticesof a polygonmesh[Par72], etc. This tech-
niguegivesthe animatormaximumcontrol,andis thusstill widespreadn the artistic
domain.Onthe otherhand,composingacial expressionsn this manneris extremely
cumbersomandrequiresa lot of knowledgeaboutthe possiblecontortionsof faces.
Unexperiencedisersareataloss,becausehe con gurationspacegthe numberof pos-
siblevertex positions)is virtually in nite, butthenumberof meaningfukon gurations
thatcorrespondo facial expressiongs very small.

Thisexplicit poseconstructiorcanbeeasedy capturingexpressionglirectly from
realindividuals[PHL"* 98, BV99] andconstructinghew expressiondy blendingvertex
positionsin betweenlf arangescanneis usedfor capturepnly facepostureghatcan
be staticallyheld canbe acquired. The rangeof expressionghat canbe generateds
determinedy the extremesof the capturedrosesso somelossof generalityhasto be
expectedin this approachthereis no theorythat con rms the existenceof a baseof
faceposedor the completespaceof facial expressions.

As PARKE hasnotedearlyon[Par82,Par74],it takesmuchlesseffort to producean
animationif, insteadof workingon thegeometryde nition level, asuitableparameter
izationis used. Anotherbene cial effect of usingparameterizednodelsis improved
compressibility:a small numberof parameterspeci esa completeexpression. By
transferringonly theseparameterinsteadof a completeimageor facialgeometryan
animatedacecanbe quickly transmittedbver alow bandwidthchanne[Par82. This
ideais re ectedin thefacial animationpartof the MPEG-4 StandardK 0e02].

3.4.1 What is a Good Parameterization?

Whencreatinga parameterizatiofor facial animation,a numberof importantaspects
have to be considered:

Completeness:Do the parametersallow speci cation of all facial expressionghat
arepossiblein reality?

Restriction: Canonly meaningfulcon gurationsbebuilt with the parameterization?
Interpr etation: Is the effect of the parameterintuitiveandclearto theuser?
Size: Whatis theminimumsizeof a usefulparameteset?

Developingan optimal parameterizatiofs dif cult. As PARKE writes [Par82], there
aretwo basicapproachesde ning adhocparametersupportingdirectcreationof the
desireddeformationsand on the otherhand,deriving parameterdrom the structure
andanatomyof theface.

Eventually the usefulnessof a parameterizations limited if it is not e xible
enoughto form the completerangeof facial expressions.Accordingto the psychol-
ogistsEKMAN andFRIESEN, thereareabout55000differentiablefacial expressions,
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which corvey roughly 30 differentmeaningdEF77. The so-calledprimary expres-
sionssignalemotions:anger disgust,fear, happinesssadnessandsurprise.EKMAN
and FRIESEN have systematicallycollectedandanalyzedfacial expressionsandde-
velopedthe Facial Action Coding System(FACS). This systemis basedon activation
of facial musclesandthusindependenof culturalor personainterpretationsExpres-
sionsare modeledby 66 Action Units (AU), eachof which describeghe activation
levels of oneor more muscles. The AUs are groupedby musclelocationinto upper
andlower face,andby directioninto vertical, horizontal,oblique,andorbital. A third
groupincludesmiscellaneousctionssuchasjaw grinding, headmavement,andeye
rotation. The value of FACS for facial animationsystemdies in the validation po-
tential: the quality of a parameterizatiocan be evaluatedoby trying to reproducehe
expressionasspeci edby FACS.

The parameterization®undin currentfacial animationsystemanodeleitherthe
visible featuresor theunderlyingmusclestructureto varying degreesof realism.Both
typesarediscussedn thefollowing.

3.4.2 Feature-Based Parameterization

In his parameterizetacemodel,PARKE [Par82 usesexpressiorparametergo control
theanimation,includingeyelid opening.eyebrav position,eye direction,jaw rotation,
upperlip position,andmoutharticulation.A differentsetof conformationparameters
is usedto shapethe headmodel. Theseparameterincludeneck,chin, andcheekbone
shapegyeballsizeandposition,jaw width, andnoselength. Building on this system,
CoOHEN and MASsSARO useparametergontrolling tonguelength, angle,width, and
thicknessfor realistic speectsynthesiqCM93]. In both systemsthe facegeometry
is directly distortedby adjustmentof the parameters.Interestingly eachparameter
speci esaninterpolationvaluebetweertwo extremepositionsof a subsebf themodel
verticesrelatingthis parameterizatioapproacho poseinterpolation.

Moation of facial featurescanalso be describedby the shifting of featurepoints
de ned on the face. In the systemdescribedoy GUENTER et al. [GGW" 98], the
movementof a pointis directly translatedo deformationof the nearbymeshgeome-
try. The MPEG-4standardKoe03 alsoemploysfeaturepoints,makingadistinction
betweerfacial de nition parametergFDP),which de ne the shapeof aface,andfa-
cial animationparametergFAP), which controlanimation.The FDP setis comprised
of 84 standardizedeaturepointson the face. The FAP setprovidesseverallayersof
abstractionexpressionandvisemeparametersllow high-level speci cationof facial
expressions. Lowerlevel parametersepresentlementaryfacial motion, providing
controlover eyes,tongue mouth,headorientation,andeventhenoseandtheears.For
eachanimationparameterthe assignmento thein uencedfeaturepointsis speci ed
in thestandardHow movementof thefeaturepointsis in turnmappedo deformations
of the skin geometnyis left to the application.

In generalcarehasto betakenby theanimatorto avoid unrealisticposturesvhen
using a feature-drnven approach. On the other hand, sucha systemleaves enough
freedomfor cartoon-like exaggerateanotions.
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3.4.3 Muscle-Based Parameterization

FACS canbe seenasa muscle-basegarameterizationf the facesincethe encoded
actionsdescribeaxpressiondy muscleactivationvalues.Action Units provide anab-
straction,which canbe usedto composédacial expressions.The AU notationis also
independenfrom ary particularface: actionsare alwaysrelative to a subjects neu-
tral baseface. The musclerepresentationgsedin facial modelingandanimationare
relatively simple comparedo othermusclemodelsalreadyusedin computergraph-
ics, for instance the nite elementmusclemodelby CHEN and ZELTZER [CZ92],
which simulateghe deformationof individual skeletalmuscles.Also SCHEEPERS et
al.[SPCM97 specifytheshapeof skeletaimuscledy arrangingellipsoidsandbicubic
patchedor complex musclegeometry

For facial animation WATERS [Wat87 presenta geometricmusclemodelwhich
usesfunctionsbasedon cone-shapedectangularandelliptic areasto modellinear,
sheet,and sphinctermuscles. In this model, the skin is represented@sa membrane
with no thicknessnotre ecting the layeredstructureof realtissueandmuscles.The
geometryof a muscleandits region of in uence on the skin are not separatedthe
skin deformationresultingfrom shorteningof a muscleis computeddirectly from the
correspondingontractionparametewalue, within the boundsprescribedoy anarea
of in uence anda fall-off function. Combiningthe in uence of multiple muscleson
one skin vertex is dif cult, andad hoc mechanismdor resolvingthe con ict must
be devised. Still, the methodis computationallycheapand requiresno numerical
simulation.

In physics-base@pproacheson the other hand,the skin deformationis not di-
rectly speci ed, but emepgesfrom forcesactingon the skin layer, appliedby attached
virtual muscles Subtletiesuchaswrinklesandfurrows emege without explicit mod-
eling. The rst approactbasedon a roughphysicalsimulationof musclesandfacial
anatomyappearingn theliteratureis dueto PLATT andBADLER [PB81]. Facialac-
tionsare causedy musclecontractionon groupsof abstractedgimple bers. A ber
is representedly avectorfrom amusclepoint to a boneattachmentThemusclepoint
is attachedvia simpli ed springsto nearbyskin nodes.In contrastto WATERS's ap-
proachthe muscleandskin layersareconceptuallyseparatedA muscledoesnothave
an actualgeometry though,andthe authorsrecognizethatthereis no mechanisnto
makethe musclefollow the shapeof the skull. An extensionto a piecevise linear
musclemodelis proposedwhich couldbe usedto lay out musclesn amore e xible
way. TERzoPoULOS andWATERS [TW90] usea similar musclemodelto drivefacial
expressionsWhencontracteda musclepulls at the deepemodesof a tri-layer tissue
model. Eachmusclevectorhasa rangeof in uence, usinga cosineblendpro le to
combinecontributionsto themovementof askinlayernodefrom multiple musclesin
anextensionto a piecavise linearmuscle ber representatioby LEE etal. [LTW95],
whereeach ber now alsohasa speci ed width, the musclesare able to follow the
shapeof theskull oncontraction.Restrictingto animationof 2D images WATERS and
FrisBIE [WF95] focusspeci cally on mouthanimation.The musclesarerepresented
by asimplemass-springystemwith theupperandlowerhalvesof theorbicularisoris
modeledascross-bracetdandswhile all othermusclesaresimplesprings.

Enhancinghe geometricrepresentationf facial musclesWu et al. [WMTT94]
usea surface-basetepresentationFor eachmuscle,a setof key pointsis speci ed
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on the skin andthen offsetinwards. From thesedisplacedpoints, a surfaceof rev-

olution is computed. Springsfrom the skin nodesattachto the musclesurface. A

variationof this modelemploysB-splinepatchedor representationf the musclesur

face[WKMMT99], wherethecoveredskin areacanbespeci edinteractiely. Theis-

sueof the necessarynusclelayoutspeci cationfor eachindividualheadmodelis not
addressetby mary authors.LEe [LTW95] and AokI [AHTNO1] includethe muscle
structurein their deformationprocesshatmatchesa genericheadmodelto individual
headgeometry

3.5 The Interpolation Problem

Whenthe parameterizationf afacemodelhasbeenchosenparametewaluesfor the
creationof a desiredfacial expressioncanbe speci ed. Changingtheseparameters
over time producesthe actualanimation. Even with a parameterizatiorthat allows
perfectmodelingof all facial expressionsit is still non-trivial to synthesizeananima-
tion corvincingly, becausef the complex dynamicbehaior of the face: a transition
betweenfacial expressionsn reality is characterizedy a complex choreographyf
moving and changingfacial features. Simply interpolatingall animatedparameters
togetherat the samespeedwill notlook realistic. In a keyframing system,realistic
motion thusrequireslaboriousspeci cation of mary individual parameteralues. In
contrastperformance-baseapproacheattempto capturehemotiondirectlyfroman
individualandturnit into animationparametersAn animationcanalsobesynthesized
procedurallyusingheuristicsthatarepossiblyderivedfrom empiricaldata.

3.5.1 Keyframed Animation

In keyframedanimation,valuesfor facial parametersire speci ed explicitly for im-
portantpointsin time, typically at extremeposes.This relatesto corventionalpose-
to-poseanimation wherethe animatordravs thekey poseswhich arethenessentially
interpolatedby drawing in-betweenqTJ81]. Likewise,in computeranimation,for
eachrenderedrame mary in-betweenparametevalueshave to be computedby in-
terpolation. Interpolationis in the simplestcaselinear, easily resultingin avkward,
non-smoothmotionif notenoughkeyframeshave beenspeci ed. Varioussplinefunc-
tionsarethuscommonlyusedfor interpolationof keyframes.

Keyframescanbe eithereditedusing GUI systemspr speci ed by scriptinglan-
guagesuchastheSMILE systenproposedy KALRA etal.[KMMTT91]. In SMILE,
differentlevelsof abstractiorareprovidedthatallow easyposespeci cationonahigh
level asfacial expressionsandphonemesaswell asdirecttuning of low-level param-
eters. The scriptlanguagealsoallows the combinationand synchronizatiorof visual
speechandexpressions.

Combining separateanimationsinto oneis a generalproblemwith keyframing
systems:in purefacial expressionsmotionin one partof the facetypically doesnot
in uence the otherpart[EF77]. For instancemovementof the eyebravs is decoupled
from lip movement. This is not true, however, for animatedemotionalspeechf the
parameterfor atalkingmouthmustbemeigedtogethemwith thosefor ahappy smiling
expression: both involve mouth movements. How parametershouldbe combined
in sucha caseis generallyan unsohed problem,which is eitheravoided by ruling
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out con icting casedPWWHS86, or treatedad hoc by addingup parametewvalues
in uencing the samefaceregion[Pel91].

3.5.2 Performance-Based Animation

The shortcomingf keyframedanimationare circumventedwhenthe motionis cap-
tureddirectly from a real actor's faceandthentransferredo the virtual headmodel.
GUENTER etal. [GGW" 98] usemarkerson the actor's faceandde ne the deforma-
tion of the geometrydirectly from the trackedmovementof thesepoints. For para-
metric models,it is necessaryo derive the animationparametergrom the captured
performance. TERzoPOULOS and WATERS analyzefrontal faceimagesand derive
contractionvaluesfor their muscle-drven model[TW90]. Using a very similar face
model, LUCERO et al. [LM99] recordintramusculailEMG datafrom the musclesof
thelower face,usinghooked-wire bipolarelectrodesvhich areinsertednto the skin.
The obtainedvaluesare corvertedto muscleactivation valuesfor the virtual model
to producespeechanimations.The correlationbetweenanimationand obsened real
motion (capturedby infrared diodes)is examinedto validatethe simulationresults.
For expressie animation Essa [EP97]hasimplementeda computervision systemto
trackandanalyzefacial expressiongrom video sequencesMusclecontrolparameter
valuesareestimatedrom the optical o w andaphysicalmodelof theskinandmuscle
structure.The systemis alsousedfor recognitionof facial expressions.

Transferringan existing animationto differentfacegeometrycanalsobe seenas
performance-baseghimation:themotionof onesyntheticfaceis trackedandmapped
ontoanotherface. NoH etal. [NNO1] setup densesurfacecorrespondencdsetween
the sourceand the target model using a semi-automatideaturepoint detectionpro-
cedure. The transferof the animationis then carriedout on the geometrylevel by
mappingvertex motionfrom onemodelto the othet

3.5.3 Synthesized Animation

Capturinganimationgdirectly is not alwayspractical: an actoris neededo perform,
andadditionalhardwaremay be required,at the very minimum a video camera.For
every pieceof animationsuchasatext readby avirtual nens personthesceneneeddo
beactedout by arealperson—aatherinef cient productionconcept.Sincekeyfram-
ing an animationmanuallyis equally unattractve from the ef ciency point of view,
it is desirableto have techniquego procedurlly generatenew animations.Most re-
searchin this areahasconcentratedn productionof visual speech. Commonly a
databaseof mouth positions(visemes)correspondingo phonemess created,and
a coarticulationmodel is employedto synthesizerealistic lip movementfor a new
phonemesequence.The visemesare often manually constructedby obsenation of
real speaker$CM93, WL93] or automaticallyfrom digitizedvideoinput [WF95]. In
video-baseaystemsjnput videois directly analyzedand usedto synthesizenew ut-
terance$BCS97,Bra99,EGP02. Therearealsoattemptdo procedurallyenhancex-
isting animation,to deliver morelivelinesgLBB02], or to changethe expressieness
of the animatedface, for instance,addingfeelingsof nenousnesslightheadedness,
sadnessgtc.[BB02].
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3.6 Skin Tissue Simulation

Deformingthe face geometrybasedon purely geometricparameterizationsanonly
provide a limited degreeof realism. This concernghe nuancef facial expressions,
suchaswrinklesandfurrows, aswell asthe dynamicsof the face:the biomechanical
propertiesof skin arere ected in the way it deformsover time whenit stretchesor
relaes. Physics-basedystemssimulatethe dynamicsof facial skin usingNewtonian
mechanics.Sincethe visible changeon the skin surfaceresultfrom the interaction
of severaltissuelayers,thesesystemaecessarilyneedto approximatethe anatomi-
cal structureof the humanhead. Layeredconstructionis not only usedfor physics-
basedanimationthough: CHADWICK etal. [CHP89]shapehe skin of acharacteby
layering bones,muscles fat tissue,and skin into a lattice, which can be deformed
by free-form deformations[SP86]. In anatomy-basednodeling, virtual characters
arealso constructedn a layeredmanney focusingon the shapeof bonesand mus-
cles[SPCM97 WV97].

In the context of facial animation the majority of approachegestrictsto the simu-
lation of the skin'selasticpropertiesj.e.,theundeformedhapéds completelyrestored
afterforcesareremoved. The procesof wrinkle formationcanonly be simulatedby
includingviscosity, though.Highly viscousmaterialsdo not storedeformatiorenepy,
andthusdon't returnto thereferenceshapeafterunloading.

3.6.1 Mass-Spring Models

In a mass-springnodel,the surfaceor volume of a materialis approximatedy mass
pointsconnectedy elasticsprings.Thedynamicsof sucha systemaregovernedby a
setof differentialequationsthe Lagrangesquationsof motion. Deformationof shape
is the resultof applying external forcessuchas gravity or pull to the massnodes.
Numericalintegrationof the equationsof motion over time describeshe movement
of the masspatrticlesuntil the springmesh nds a new stablecon guration. Sucha
systemis very easyto implementf simpleintegrationschemesuchasEuler'smethod
areused. Therefore physicalsimulationusingmass-springystemshasbecomevery
popularin computergraphics,especiallyin cloth animation,wherethe structureof
woven materiallendsitself to approximationas a quadrilateralmeshof connected
springs[BHG92].

As on of the rst to usea mass-springapproachin facial animation,the system
proposedby PLATT and BADLER [PB81] modelsthe skin as a network of springs
with no thickness. Additional springsconnectsomeof the nodesto the underlying
muscles.The simulationitself approximateshe behaior describedby the equations
of motion: a muscleforce is propagatedo the points attachedo the muscleon the
facemesh.Fromtheseforces,adisplacementf the pointsis directly computechased
onthestiffnessconstantof the adjacensprings.Time discretizationis performedby
applyingaforcenotatonce,but fractionsof it over anumberof steps.Thisis mainly
doneto distributethe effectsof severalmusclegulling simultaneously

TERzOPOULOS and WATERS [TW9Q] presentan advancedthree-layerednodel
of the skin, consistingof cutaneoudissue,subcutaneoufatty tissue,and a muscle
layer. Thislatticeconsistf pointmassesonnectedy springswith varyingstiffness
constantsmodelingthe elasticpropertiesof the skin layers. To simulatenon-linear
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elasticity the springsrepresentinghe dermis are biphasic,i.e., a spring's stiffness
constantchangesccordingto its currentlength. Dueto the volumetricconstruction,
for aninitial face meshof 960 polygonsapproximately6500 spring units are used.
Thesimulationis drivenby a second-ordeRunge-Kittaschemeasa compromisebe-

tween stability, accurag, and speedrequirements. Additional volume preseration

constraintamodel the incompressibilityof the groundsubstance.To this end, local

restoratiorforcesare computedo minimize ary deviation in volumeof theelements.
The layeredmodel structurewas simpli ed by LEE et al. [LTW95] to two layers:
dermal-fattyand muscles. The approachalso introducesskull non-penetratiorcon-

straints,which prevent the skin layer from moving throughthe bone. The skull is

approximateasanoffsetsurfaceto theskinmesh.L EE reportsinteractive framerates
on a multiprocessomvorkstation. Basedon TERzoOPOULOS's and WATERS's work,

LUCERO etal. [LM99] replacethe adhoc springmeshcoefcients andmusclemodel

parameterdy more well-foundedvaluesusing knowledge aboutthe actual biome-
chanicalpropertiesof skin and muscles.As thefocusin their work is on accurag of

simulatedvisual speechproduction,considerablymore computatiorntime is devoted
to thenumericalintegration: athree-secondnimationat 60 Hz takesfour minutesof

computation.Also focusingon speechanimation, WATERS andFRisBIE [WF95] use
atwo-dimensionaimass-springnodelof the mouth.

3.6.2 Finite Element Simulation

Finite elementmethodgFEM) [Bat82] aretraditionally usedin structuralanalysisof
materialsin engineering,but are also becomingincreasinglycommonin computer
graphicsapplications.FEMs work with a discretizatiorof the materialgeometrybe-
ing simulatedfor instanceavolumetricmeshof tetrahedronsThematerialproperties
areplacedin aglobalstiffnessmatrix, whichrelatesorceson theelemeninodedo the
resultingdisplacementsf thesenodes. This systemis solveddirectly for a staticso-
lution. The FEM approachs commonlyviewedasbeingmorestable moreaccurate,
andcomputationallynoreexpensve comparedo springmeshsimulationtechniques.
The computationtimesfor a solutiontypically lie in the rangeof minutes,making
thesemethodaunsuitableor real-timeanimation.They areprevalentin medicalappli-
cationssuchascomputeraidedsurgery, wherethegeometnyis typically extractedfrom
CT dataandaccurayg is mandatory An idealizedthree-layernite elementmodelof
facialtissueis constructedby DENG [Den88,PW94 in herwork on skin excisionsim-
ulation. Theouterskinlayeris connectedia asliding layerto theunderlyingmuscles.
PIEPER etal. [PRZ92] usesurfacescandatafor plasticsumgeryplanning. Frominci-
sionlines,drawn directly onthegeometrya nite elementmeshfor simulationof the
cutis generatedThis meshis of muchcoarseresolutionthanthe facegeometryeach
elementoveringaboutasquarench of skin. KEeVE etal.[KGPG9q§ adaptageneric,
triangularfacemeshto CT data. Thetrianglesarethenprojectedontothe underlying
skull surfaceresultingin a nite elemenimeshcomprisecf six-nodeprismelements,
whichis usedfor simulationof bonerealignmenbperations.
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3.6.3 Hybrid Schemes

A few researchersombinemass-springnodelsand nite elements.For bonerepo-
sitioning applications,KocH et al. [KGC* 96] representhe facial surfaceby two-
dimensionalnon-linear nite elementswhich are connectedo the skull by nodal
springs. The spring stiffnessesare computedfrom CT data. In a similar fashion,
Wu et al. [ WMTT94, WKMMT99] develop a skin modelthat combinesplasticity,
viscosity andelasticityfor simulationof expressie wrinkle formationandskin aging
usinga skin mesh.The nodesof this meshareconnectedy springsto the surfaceof
anunderlyingmusclelayer.

3.7 Summary

Despitethe deceptvely photo-realisticappearancef image-andvideo-basedacial
animations,only systemsusing three-dimensionajjeometricheadmodelsshow the
e xibility to enablea wide rangeof applications. Within this class,thereis a trend
towardsincreasinglyrealisticrepresentationf anatomiadetail, including parameteri-
zationby musclesandphysics-basedkintissuesimulation.While theformerprovides
intuitive controlsfor animation the latter canproducerealisticfacial deformationin-
cluding subtleeffectswithout explicitly modelingthem. Somesimpli cations haveto
be madefor the sakeof performancethough. While thereare somefairly elaborate
layeredmodelsof facial skin, representationsf musculatureand skull arestill sim-
plistic, especiallyin systemgyearedtowardsinteractve performance.Assemblinga
headmodelbasedon humananatomytakesa lot of effort, andonly afew researchers
reporton methodsfor constructionof sucha modelfor the purposeof adaptatiorto
scansof anindividual. The anatomy-basetieadmodelproposedn this dissertation
providesdetailedapproximation®f the skull andthefacialmusculaturevhile still be-
ing ef cient enoughfor real-timeanimation. Acknowledgingthe importanceof easy
constructionof sucha structuredcheadmodel, a generalmethodfor adaptationof a
genericheadtemplateto varioustargetsis demonstrated.






CHAPTER 4

Anatom y of the Human Head

No manshouldmarry before he hasstudiedanatomy
anddissectedhe bodyof a woman.
—HonoredeBalzac

Thefoundationof ary physics-baseéhcial animationsystemis a goodunderstand-
ing of the humanheads anatomicaktructure.A thoroughlook at realfacescon rms
thereasonablassumptiorthattheappearancef thefaceis mainly determinedy the
major structureof the head,namelythe skull, the musclesandthe skin. If arealis-
tic look is the goal of ananimationsystemnoneof thesecomponentsanbe left out
from the model. The rst stepin building a virtual headmodelis thusto studythe
biological structuref the headandthe interactionsbetweerthem. In this chapter |
have collectedrelevantmaterialfrom avariety of sourcesn medicinglRas78 KLP76,
Ste79,So0b01], forensics[Tay01], and computergraphics[TW90, CZ92]. After ex-
aminationof the facial skin, the skull asthe primary supportve structureof the head
is introduced.Finally, the facial musculaturds discussedwhich is situatedbetween
skin andskull andresponsibldor driving facial expression.Althoughnot all the de-
tail presentedhereis re ected in the implementedacial animationsystemiit is still
instructive to getanimpressionof the fascinatingcompleity of the humanhead.In-
evitably, afew medicaltermsmustbe usedto discussaanatomy As far asthesearenot
explaineddirectly in thetext, they canbefoundin AppendixA.

4.1 Facial Skin Structure

The humanskin is a complex systemwith differentcomponentsvorking togetherto
sene avariety of functions. Theseinclude protectionagainstexternal ervironmental
in uencessuchasbacteriaor toxic substancesheregulationof bodytemperatureand
storageof water fat, andblood. Eachsquarecentimeterof skin containson average
1 meterof vessels,15 sebaceouglands, 100 sweatglands, 3000 nene ends,and
3,000,000cells. The skin is the largestsensoryorgan, receptve for sensationof
touch,temperatureandpain. Skin alsoplaysa vital role in humancommunicatiorby
meanf facial expressionfexture,color, andscent.

As shawn in Figure4.1, the skin is structuredinto threelayers: epidermis der-
mis, and hypodermis Togethey the topmostlayersepidermisand dermisare called
the cutis, the underlyinghypodermisis also known as the subcutis In the follow-
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Figure4.1: Crosssectionof humanskin. Image:[BW97]

ing the layersof theskin arebrie y examined,focusingon their basicstructure.The
biomechanicapropertiesof skin arediscussedn Chapters.

4.1.1 Epidermis

In the face, this super cial layer of the skin is about0.02 mm thick, which is about
3-10%of thetotal skin thickness.The epidermisitself hasno vesselsor glands.It is
organizednto threefunctionally differentzones:cellsarebornin the stratumbasale
differentiatedand maturedin the stratumspinosumandthe stratumgranulosumand
nally layeredanddisposedf in thestratumcorneum Thelife of acell lastsabout30
days.Thestratumcorneumconsistanostly of the proteinkeratin,andgivesprotection
againstacidsandalkali. It is capableof binding water, giving this layer smoothness
andelasticity The stratumcorneumis ratherlooseon the surface but becomesnore
compacin its deepeparts.In thestratumbasalethemelanogtesarefound,cellsthat
producethe pigmentmelanin,which protectsthe skin from ultraviolet rays. A thin
layerbetweerthe stratumcorneumandthe stratumgranulosumthe stratumlucidum,
playsanimportantrole for theoptic appearancef skin: it is highly refractive, creating
anoptically homogeneoukayer.

4.1.2 Dermis

Thedermisis dividedinto the stratumpapillare, a layerthatconsistsof tiny papillae
projectinginto the epidermis andthe stratumreticulare. The structureof the stratum
papillarediffers regionally with the mechanicademandsonto the respectie part of
thebodysurface:attheeyelids,for instancethe papillaearelessdevelopedthanatthe
elbows. This layer consistsof looseconnectve tissuewith capillaries,elastic bers,
reticular bers, andsomecollagen.Thestratunmreticulareprovidesstrongresistanceo
tearingforces.It is madefrom denseconnectvetissue containinglarge bloodvessels,
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nene endings hair follicles, andothercells. Theintercellularsubstancés comprised
mostly of collagen bers andthe amorphousgel-like groundsubstanceThe collagen
bers arearrangedn thick wavy bundles layeredparallelto the surface.They uncurl
whentheskinis stretchedresultingin variableresistancef the skinto forces.

4.1.3 Hypodermis

Thehypodermisenesasafat storageandisolator Fatcellsarelayeredbetweersepta
of collagenousgonnectvetissue.Thefatincreaseshetensionof theskin,andisolates
thebodyagainsthermalin uences. Thedevelopmenbf thesubcutaneoufat depends
on s&, age,body region, mechanicademandshormonalin uences, nutrition, and
otherfactors. In the face,somepartssuchasthe eyelids andthe externaleararefat-
free. The hypodermisis connectedo andglideson the fascia,a layer of tissuethat
connectghe musclesurfaceto the skin.

4.2 The Skull

Thefundamentabonestructureof the headis the skull, which givesthe headstability
andits basicshape.Thebonematerialis not a deadsubstancehut a living tissuethat
adaptsto the forcesinducedby the functional movementsof the facial musculature
over alifetime. Also, growth of the brain andof the surroundindoraincasen uence
eachother In anatomicaterms,the skull is dividedinto the braincaséneuiocraniurm)
andthe face(visceocranium). Eachpartconsistsof mary separatdoneswhich are
shavnin Figure4.2.

4.2.1 Neurocranium

The foreheadand the upper portion of the orbital cavity surroundingthe eyes are
formed by the frontal bone (os frontalg). The suprorbital ridge (arcus supecil-
iare9 is the prominentpartunderlyingthe eyebrowvs andis usuallymore pronounced
in males. The occipital bone(os occipitale) forms mostof the baseandbackof the
neurocranium.The brainis connectedo the spinalcord througha hole in this bone.
Theotherbonesof the neurocraniuntomein pairs,mirroredatthe medianplane:the
parietal bone(os parietale) makesup partof the top andthe sideof thecranium.The
widestpartof the headis usuallyformedby the protrusionof this bonebehindthe ear
The tempoal bone (os tempogle) and partsof the sphenoidbone (os sphenoidalg
shapethe lower side of the neurocranium.Attachedto the mastoidprocess(proces-
susmastoideusdf thetemporalboneis the sternocleidomastoithuscle which e xes
the neck. Otherfeaturesof the temporalboneincludethe earhole (meatusacusticus
externu9 anda zygomaticprocessnamedzygoma(arcus zygomaticusas part of the
cheekbone.

4.2.2 Viscerocranium

Itself partof theviscerocraniumthepairedzygomatidone(oszygomaticuconnects
to thezygomaonthe neurocraniumthuscompletingthe zygomaticarch. Otherbones
of the viscerocraniunthataremirroredon eithersideof the skull arethe maxilla, the
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Figure4.2: Humanskull, front andsideviews. Images:{Sob0]
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nasalbone(os nasalg, andthe lacrimal bone(oslacrimale). The maxillaformsthe
upperjaw and,togethemwith the zygomaticandlacrimalbones shapeghelower part
of the orbital cavity. The nasalbonegivesshapeto the upperpart of the noseat the
baginningof the nasalbridge. Unpairedoonesof themiddlefacearethepalatinebone
(os palatinun) at the root of the mouthandthe ethmoidbone(os ethmoidal@ in the
nose.

Themandible(mandilula) completeghe viscerocraniumit is separatedrom the
restof theadultskull andhingedto the neurocraniunat thetempoomandilular joint.
Thedegreesof freedomof thisjoint allow for openingandclosingof the mouthaswell
aschaving motion. Functionally thetemporomandiblarjoint is acompaositiorof two
joints: whenthemouthis openedarotationin thelower partof thejoint is superposed
on a horizontaltranslationto the front in the upperpart. The posterior uprightangle
of the mandibleis calledtheramus The hyoid bone(os hyoidalg, which is situated
attheroot of thetongue(seeSection4.4.2),is alsocountedasa partof theskull. It is
connectedo the baseof the skull only by ligaments.

4.3 Facial Muscles

Therichnesof facialmotionis madepossibleby thenumerousnuscledying between
skin andskull. The musclesof the facearegroupedinto two cateyories: the muscles
of masticationand the musclesof expression While the former are responsiblefor
chaving andgrinding food, the latter enablefacial play. Somemuscleshave arolein
bothgroupsthough.Morethan50musclesanbeeasilyidenti ed ontheheadand,at
acloserlook, mary musclescanbe consideredyroupsof smallermuscleghemseles.
Therefore the numberof facial musclesgivenin the literaturevaries. Therearealso
mary deepemusclesattachedo variouspartsof the head which arenotanatomically
considerednusclesf theface,andarealsofor themostpartnot mentionechere.The
following sectionbrie y discusseshe generalktructureandmodeof actionof muscle
tissue.In Sections4.3.2and4.3.3,the musclesof the facearethenpresentedrom a
mainly functionalpoint of view.

4.3.1 Muscle Physiology

Physiologically facial muscleselongto the skeletaimusclegthe othermuscletypes
aresmoothandheart muscle). The component®f a singlemuscleareshaovn in Fig-
ure 4.3. A musclecell hascylindrical shapejs up to 15 cm long, and 10-100 m
wide. Eachcell containsnumerouscylindrical structuresl-2 m wide, called my-
o brils , which run over the whole length of the cell. The myo brils in turn consist
of a repeatingpatternof sarcomees This patternresultsin the bandedappearance
of someskeletalmusclesunderthe microscopealternatingight anddark—hencehe
namestriatedmuscle The sarcomerearethe functionalunits of the muscle,having
theability to contractuponexcitation. Thecombinedeffort of mary sarcomereacross
the muscleleadsto its contractionandcausewisible deformationof the skin through
the connectve tissue. Most musclesin thefaceoriginateat the bonestructure while
their surfaceinsertsinto the skin. Whencontracting,a musclethuspulls the skin to-
wardsits x edorigin. In contrastsomefacial musclesattachto boneon bothendsor
only to theskin.
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Therearetwo majormodesof musclecontraction:isotonicandisometric Under
isotoniccontractionthe loadto be lifted is x ed, allowing the muscleto shortenat a
maximumspeedimited by theload. The force the musclegeneratess constant.On
theotherhand,isometriccontractionoccursif themuscleis notallowedto shortenary
furtherwhile it is contractingfor instancejf theloadis too heavy to lift.

connective
tissue

muscle fiber
bundle

muscle

muscle cell

Figure4.3: Structureof amuscle ber. Image:[Spe99

4.3.2 Muscles of Expression

The musclesof expressioninsertinto the facial skin, causingdistortionsof the skin
undercontraction.Whenskin is pushedogetherthroughmusclecontraction this of-
ten causeswrinkling, wherethe directionof the wrinkles is alwaysperpendiculato
the directionof the muscles line of action. In the anatomyliterature,the musclesof
expressiorarecatgyorizedby theirregion of in uence: the scalp,the eyelid, the nose,
the mouth,andthe neck. Figures4.4 and4.5 show frontal andsideviews of thefacial
musculature.Most musclesin the face are mirrored on either side. Wherethe fol-
lowing muscledescriptionaisethe singular equivalentbehaior for thecorresponding
muscleson bothsidesis implied.

Scalp

Togetherthe musclesof the scalpform theepicranius This broadlayer, which covers
thewhole of onesideof the vertex of the skull, is very tightly attachedo theskin. Its
two majorpartsaretheoccipitalisatthe backof theheadandthefrontaliscoveringthe
foreheadtogethemamedoccipitofrontdis. This pair of musclebelliesis connected
by a tendinoussheet the epicranial aponeuosis The epicranialaponeurosiss also
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the origin of the tempoboparietalis muscle. The occipitalisoriginatesin the skull be-
hind the ears,while the frontalisis not attachedo bone,but insertsinto the skin of
the foreheadandthe eyebrow region, originatingapproximatelyat the hairline. The
temporoparietaligxtendsfrom the epicranialaponeurosiso thetop of the earon the
side of the head. The epicraniusmovesthe skin of the head. Notably, the frontalis
lifts theeyebrows andeyelids, causingalsowrinklesontheforehead Next to thetem-
poroparietalisthe threepartsof the auricularis attachto the auricleandthe spineof
the helix. Their functionis to move theear

Eyelid

The circular musclerunningaroundthe eye is namedorbicularis oculi. It consistsof

thethick parsorbitalis, encirclingthe orbit, andthe pars palpebalis, which underlies
the upperandlower eyelids. At the inner cornerof the eye, the circular bundlesof

bers areinterruptedoy the palpebial ligament The parsorbitalisattacheso theinner
orbit andthe skin of the cheek. Whencontractingin a pursingmanney this muscle
supportgight closureof theeyelids. The groupof its medial bers in theuppereyelid

region thatfansoutinto the eyebrow is also called depiessorsupecilii. The tender
parspalpebralisattachedo the cartilaginoustarsal plate (tarsug in the eyelid (see
Figure4.6),andcauseslinking on contraction.Thelook of the eye is in uenced by

the tarsalplateswhenthe orbicularisoculi contracts.Also, the contractionformsthe
small radial wrinkles at the outer cornersof the eye known ascrow's feet. To open
the eye, the levator palpebmae raisesand folds backthe uppereyelid. This muscle
is not regularly countedasa facial muscle,but belongsto the group of extra-ocular
musclegseeSection4.4.1). It originatesdeepinside the bory orbit of the eye and
attachedo the uppereyelid. The corrugatorsupecilii penetrateshe orbicularisoculi

andthefrontalis. It pullsthecornersof theeyebravs togetheranddownward,creating
averticalcreasen theskin above thenose.

Nose

The procerusmusclecoversthe lower partof the nasalboneandthe upperpartof the
lateralnasalcartilage. It insertsinto the foreheadbetweernthe eyebrons. This muscle
pulls down vertically, causinga horizontal creaseover the bridge of the nose. The
nasaliscoversthenosewing. It insertsinto thesideof thenose above the caninetooth
andtheincisor. Contractionof the nasalispulls the nosewing down andback,closing
thenostril. Thelevator labii superiorisalaequenasioriginatesat theinnersideof the
eye orbit. It insertsinto the skin of the upperlip andthe nosewing, which is lifted

on contractionthuswideningthe nostril. Strongcontractionof this muscleinducesa
furrow to the sideof thenose.Thelevator labii superiorisoriginatesrom the maxilla
undertheeye orbit andlifts thelateralpartof theupperlip.

Mouth

The muscleencirclingthe mouthis the orbicularis oris. It coversthe areafrom the
bottomof the noseto halfwaydown the chin. Thoughit primarily actsin asphincter
like fashionto closethe mouth,this muscleis nota simplesphincter It hassuper cial
anddeepetayersof muscleswhich actindependentlylt alsoconsistgartly of bers
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Figure4.4: Facialmusclesfront view. Image:[Sob0]
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from otherfacial muscleswhich insertinto thelip region. The orbicularisoris thus
formsanintricatestructurethatallows for therich variety of facial motion pertaining
to themouth. This includesprotrusionandretractionof thelips aswell asamajorrole
in speectarticulation.

The zygomaticusnajor and zygomaticusninor musclesrun from the zygomatic
boneto themouthcornersplendinginto theupperlip partof theorbicularisoris. They
helpcreatinga smile by lifting theupperlip nearthe mouthcorner Therisorius pulls
the cornerof the mouthbackhorizontally It doesnot originatefrom the bone,but in
the fasciaof the massetemuscle(seeSection4.3.3). Thelevator anguli oris inserts
into theorbicularisoris atthe cornerof themouthandaidssmiling by pulling upwards.
Its bers interminglewith the zygomaticusthe orbicularisoris andthe triangularis.
Thetriangularisinsertsinto the mouthangleandpulls it downwards.Thelower lip is
pulleddown by thedepressodabii inferioris. It insertsinto theorbicularisoris andthe
skinbelow thelowerlip, originatingattheloweredgeof themandible. Thebuccinator
runshorizontallyalongthe cheekto thecornerof themouth.It originatesattheinside
of themandible with threeattachmentshere.This muscleaidsin chewing by keeping
thecheeksloseto the teeth thuskeepingthefood onthetoothsurface lt is alsoused
for suckingaction,andsometimesauses dimplein thecheekto appear

The chinis coveredby the mentalis This muscleoriginatesjust below the teeth,
andinsertsinto the skin at the ball of the chin. By pulling upwardsthis muscleraises
andprotrudeghelower lip. If the separatiorbetweerthe pair of mentalesnuscless
large enoughthis leadsto a visible cleft onthechin.

Neck

Fromthe morethan20 musclesextendingdown the neck,only the platysmais partof
thefacial musculaturén the anatomicaklassi cation. It originatesat the baseof the
mandible,and coversthe bottomof the jaw completely extendingdown to the front
partof the neck.Functionally it stretcheghe skin of the neck.

4.3.3 Muscles of Mastication

The masseteis a very strongmusclethatrunsdiagonallyacrosghe cheek.Its origin

lies at the zygomaticarch, andit insertsinto the jaw angle. When contracted this

muscletightly clencheghe teeth,thusplaying the major partin grindingfood. The

tempoalis alsoaidsin closingthe mouth: it is a broad, radiatingmuscle,covering

the side of the head. Originatingat the temporalbone,the musclegoesthroughthe

zygomaticarch and insertsinto the coronoid processof the mandible. The medial

pterygoideusr internal pterygoidmuscleis locatedon the sideof thejaw andassists
the temporalisand massetein raisingthe mandibleto clenchthe teeth. In contrast,
thelateral pterygoideusr external pterygoidmusclehelpsto openthe mouth,andto

protrudethe mandible.Asymmetricactionof thesemuscleson eithersideof thehead
resultin side-to-sidenovementsof the jaw, asin chewving action.



4.4. ASSORTED ORGANS

35

4.4 Assor ted Organs

Thevisual appearancef the faceis, of course not determinedy skin, musclesand
skull alone.Othervital componentsf thehumanheadarethe eyesandthe oral cavity
with teethandtongue.Thesearebrie y describedn thefollowing.

44.1 Eyes

The eyesarethe visual sensoryorgans. Eacheyeball (bulbus oculi) is locatedin an
orbit of the neurocraniumas shown in Figure4.6. The eyeball is about24 mm in
diameter beingroughly sphere-shapedith a bulge at the corneaon the front side.
six of the sevenextra-ocularmusclesnablerotationof the eyeballsin its socket.The
seventhextra-ocularmuscleis the levator palpebraesuperioriswhich lifts the eyelid
(seeSection4.3.2). Theiris hastwo musclescontrolling the size of the pupil, the
dilator pupillae andthe sphincterpupillae. The pupil diametercanchangebetween
2 mm and 8 mm, accommodatindor the external lighting conditions. The eyelid
providesprotectionagainststronglight andintrusionof foreign particles. It consists
mainly of thetarsalplate,coveredby theorbicularisoculi muscleandathin skin layer.
Thelid keepsthe corneamoistthroughblinking, distributingthelacrimal uid (tears)
secretedrom the lacrimal gland. The lacrimalglandis situatedon the lateralside of
theuppereyelid andcontributesto thewell-roundedappearancef theskinthere.The
inside of the eyelid skinis connectedo the eyeball, thusforming a bagof connectve
tissue,which is opento the palpebmal ssure at the front. The selum secretedrom
glandsin thetarsalplategivesthe ssure its typical speculaappearanceA substantial
in uence ontheappearancef the eyesis alsodueto thebrows andeyelashes.
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Figure4.6: Eyeballin its socketandin crosssection.Images:[Sob01, Spe98]

4.4.2 Mouth

The oral cavity (cavitasoris) is the enclosedegion betweenthe cheeksandthe lips.
Figure4.7 shows a view into the oral cavity. The major partof the actualcavity can
only be seenwhenthe mouthis wide open. The roof of the mouthis built from the
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Figure4.7: A view into the oral cavity. Image:[Sob0]

hard palatein the front, andthe soft palatein the back. The uvulais attachedo the
soft palate.

The oral cavity is lined by the teethof the upperandlower jaw. Theteethhelp
cuttingandgrindingfood. They areattachedo the upperandlower jaw boneby long
roots. Usually only the enamel-cweredtop partof atooth,the crown, is visible. The
transitionto therootis the ned of thetoothandis coveredby thegums.Thefull adult
setis comprisedof a total of 32 teeth,8 teethperjaw half: 2 incisors,1 caninetooth,
2 premolarand3 molarteeth.Thelower jaw with teethis shavnin Figure4.8.

Whenthe mouthis closedi,it is mostly lled by thetongue(alsoseeFigure4.8).
The dorsumof thetongue,its top surface,is composedf a mucousmembranecov-
eredwith papillaewhich aresensitve to the four maintastes.The body of thetongue
is mainly comprisedof musculartissue. Eight musclesprovide for the e xibility of
the tongues movements. They connectit to the mandible,the hyoid bone,andthe
temporalbone. The tongueshapeghe food in the mouth, shiftsit onto theteeth,and
transportst towardsthethroat. It is alsovital for speectarticulation.

A numberof saliva glandsbelow the skin createsomewell-roundedareasin the
faceregion aroundthe mouth: the parotid gland surroundshe jaw angles,andthe
submandiblar glandis situatedalongthe lower edgeof themandible.

4.5 Discussion

Thisintroductioninto the anatomyof the headis by no meanssxhaustve, but already
shows animmenserichnessof detailthatis hardto capturein a simulation. Further

more,the currentmedicalknowledgeis mostly qualitative, andit is dif cult to obtain
exactquantitatve measurementd.hereis asigni cant degreeof uncertaintyaboutthe
anatomyof the facial musculaturdLM99]. For exactmodelingof muscledynamics,
for instance precisedataaboutmusclelengthsand cross-sectionahreaduring con-
tractionwould be needed.Also, tissuepropertiesoften differ from oneindividual to

the next, for instancethicknessandelasticityof skin. Many of thesepropertiescan-
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Figure4.8: Left: thetonguein crosssection;right: mandiblewith teethand hyoid
bone.Images{Sob0]

not be easily obtainedby non-intrusive measurementssStill, while a truly complete
andaccurataeconstructiorof the headis currentlyaninsurmountablehallengeijt is
neverthelespossibleto build aworking modelthatincorporatesnary insightsgained
from medicalresearctandwhich delivershigh quality facial animation.Compromises
haveto bemadefor thesakeof computationaéf ciency, butthefundamentahpproach
of simulatingreal anatomyallows continuousincorporationof advancesin medical
knowledgeto improve themodel. Additionally, progressn numericalimulationtech-
niguesandfastercomputersill enabletheuseof morepreciseapproximationgo real
anatomy
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System Overview

All partsshouldgo togethemwithoutforcing. You mustremembethatthe partsyou
are reassemblingvere disassemblelly you. Theefore, if youcan't getthemtogether
again,there mustbea reason.By all meansdo notusea hammer

—IBM maintenancenanual, 1925

The integrationof anatomicatdetailsof the humanheadinto a facial animationsys-
tem is a non-trivial task. As the model becomesmore and more comple, it also
becomesncreasinglydif cult to assembl@ndadjustall thepartsto arrive ata consis-
tent,animatablanodel. Furthermoremodi cation of thegeometryof thevirtual head
requiresarehuild of theinternalstructure.To simplify the constructionof headmod-
els,| proposeheuseof agenericcemplatethatincorporatesll the structuralelements
neededor animation. This templateis the basisfor constructionof individualized,
animatabléheadmodels,which arecreatedoy deformationof the prototype,adapting
it to giventargetconstraints.

Otherthanin thetypical artisticpipeline,wheregeometnyjis rst modeledandthen
equippedwith controlsfor animation,the headmodelis immediatelyanimatablein
my approach.With eachdeformation,not only the outerskin geometryis deformed,
but also the internal structurecomposedf musclesand skull. As a bene cial side
effect, all headmodelsderivedfrom thereferencéeadsharehe samesetof animation
parametersgnablingre-useof animationscripts.

In this chapter | describethe structureand constructionof the referencehead
model. In preparatiorof the following chaptersan overview of the componentf
the completefacial modelingandanimationsystemis given.

5.1 The Reference Head Model

The templateheadmodel, asshown in Figure 5.1, encapsulatesix major structural
components:

a triangle meshservingas the skin surface The meshedgesare alignedto
facial featuresto reduceanimationartifacts,andthe tessellations adjustedto
the deformability of the facial regions. The algorithmsworking on the mesh
frequentlyuseadjaceng relationssuchas nding thetrianglessharinga given
edge etc. To this end,the meshdatastructureis basecdon a half-edgerepresen-
tation[CKS98].
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Figure5.1: Referenceheadgeometryandstructure. Top: headgeometrywith land-
marks (blue dots), front and side views; bottom left: skull and facial components;
bottomright: skull landmarkqred dots)relatedto subsebf skinlandmarks.
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a layer of virtual musclesto control the animation. The musclesconsistof
arraysof bers which cancontractin a linear or circularfashion. The current
systemincludes24 of the majormusclesresponsibldor facial expressionsand
speectharticulation.Themusclemodelis discussedn Chapter7.

anembeddedkull, including a rotatablemandible,to which skin andmuscles
attach.Theskull modelis alsorepresentedsa trianglemesh but thegeometry
is only usedfor initialization of the structure notduringthe actualanimation.

amass-springsystemconnectingskin, musclesandskull. The edgesandver-
tices of the skin surfacemeshare corvertedto springsand point massesre-
spectvely. More springsare addedto connectto underlyingcomponentsand
to presere skin tissuevolumeduringanimation.Propertiesandconstructiorof
the springmesharediscussedn Chapter6.

separatelynodeledgeometricobjectsfor eyesteeth,and tongue

a setof landmarks, de ned on the skin and skull surfaces.| usetheseland-
marksto control deformationof the headstructure. The landmarksfollow the
corventionslaid out in the anthropometriditerature[Far94, wherea minimum
subsebf landmarkds choseraccordingo their prominencen thefaceandex-
istenceof correspondencdsetweerskin andskull. How thelandmarksareused
to de ne thedeformationof the headmodelis describedn detailin Chapter8.

5.1.1 Reference Head Construction Process

The genericheadmodelis built manually by designinga face mesh rst andthen
puttingin the anatomicaktructure.As discussedn Section3.2.2,it is extremelydif-
cult to obtaina suitableanimatableface meshdirectly from 3D scans/HKA * 01].
The outergeometryof the referenceheadis thusconstructedisinga commercial3D
modelingpackage For the very regular structurerequiredin the faceregion, the sim-
ple facemodelusedby PARKE [PW96 AppendixB] providesa goodstartingpoint.
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Figure5.2: Interactve constructionof the referenceheadmodel. From left to right:
referencemesh; landmarkeditor closeupshaving skin and skull landmarks;skull
matchedo skin meshin the editor.
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For the non-animatecpart of the head—outsidéhe face region—a simpli ed mesh
obtainedfrom arangescanof arealpersonis stitchedto the genericface. Theresult-
ing headmeshasshawn in Figure5.2 consistsof 1027 verticesand 2030triangles.
This meshresolutionis acompromisahatdeliverssatisfyingvisual quality, while the
compleity is keptlow enoughto allow the physicssimulationto runin realtime.

A triangle meshrepresentingan anatomicallycorrecthumanskull is usedasthe
basefor theskull componentusinga freely availablemodel. The skull modelconsists
of two pieces,separatinghe jaw from the remainderof the skull. The skull andjaw
meshesconsistof 2062 and 2066 triangles, respectiely. As mentionedabove, the
compleity of thesemeshesloesnotin uence theanimationatrun-time:thegeometry
is only usedto computethedistancebetweerskinandboneandto automaticallyattach
thelower partsof thefaceto themandible sothatskinandmusculaturdollow the jaw
rotation.

Usingacustomeditingtool, landmarksareplacedon theskull andskinsurfacesas
shavnin Figure5.2. To matchthe genericskull modelto thereferencéneadgeometry
the skull is deformedusing the methodsdescribedn Chapter8. The headmodel
is also alignedto a standardposture,the Frankfort horizontal (seeSection8.2), so
that landmarkdistanceson the modelcorrespondo distancemeasurementtsted in
the anthropometriditerature. This is importantfor the applicationsdemonstratedh
Sections3.5and8.6.

The designof thefacial musclestructureis basedon medicalliteratureon human
anatomy Themusclesareinteractively laid out ontheheadmodelemployingthe edit-
ing methodd discussin Chapter7. Finally, separatggeometricobjectsfor thefacial
componentgyes, teeth,andtongueareadded resultingin the nal modelshawn in
Figure5.1. Thesecomponentgonsistof procedurallygenerategbolygonalgeometry
depictedndividually in Figure5.3.

Givenall parts,the mass-springystemthat connectsskin, muscles,andskull is
computedautomaticallyto obtainthe fully animatablereferencemodel. Figure 5.4
showvsthe springmeshin the mouthregion of the headmodel.

The constructionapproachdescribechereis in mary wayscomplementaryo re-
centtechniqueghatmodelarticulatedhumanor animalbody modelsfrom the under
lying anatomyfWV97, SWV0Z: acreaturds developedfrom theinsideout, starting
with the skeletonattachingmusclesand nally layeringthe skinontop. In contrast,
in the approachpresentecherethe underlyinganatomicalstructureis built to match

Figure5.3: Eye,teeth,andtonguemodels
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Figure5.4: Closeupof mouthareawith musclesskin, andskull connectedy springs

thealreadyknown outergeometryof the face.Oncethelaborintensive assemblagef
the partsis completedor the templatemodel,individual headmodelscanbe created
from it with ease.

5.2 Physics-Based Simulation

Theheadmodelis mainly animatedoy contractingthe virtual musclescausingdefor

mationof thefacial skin. Shorteninga muscleresultsin stretchingof the springscon-
nectingthe muscleto the skin, thusin icting forcesontothe massnodes.A physics-
basedsimulation basedntheLagrangiarequation®f motion,computesheresulting
displacementsf the particles,until their movementleadsto a new equilibrium, i.e.,

a stablestateof the system.The particularspringmeshstructure discussedn detalil

in Chapter6, is gearedtowardsreal-timeanimation. By the structureof the spring
systemyvolumepreseration andskull non-penetratiortonstraintsareintegratedinto

the global solutionof the equationsof motion, obviating the needfor local geometric
criteria[LTW95].

5.3 Animation Contr ol

Facial animationis not only producedby speci cation of musclecontractionvalues,
but alsofrom the additionalparameterdieadrotation and position, eyeball rotation,
eyelid movement,tonguerotationandtranslationandrotationof thejaw. Thevalues
for all theseparameteraregeneratedn severalways:

Expressionediting: In the expressioreditor (seeFigure5.5), theanimationparame-
terscanbe changedwhile the simulationis running,resultingin animmediate
changeof facial expression. Completeparameteisnapshotsan be saved as
expressionsand later be reusedfor animationby sequencingn time. Blends
betweenexpressionsareachieved by linearor splineinterpolationbetweenpa-
rametewaluesfor eachframe.While this editingmethodprovidesdirectaccess
to all deggreesof freedomof theface,the complex dynamicsof facialmotionare
hardto reproducen this manner
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Figure5.5: ExpressiorEditor. Left: currentexpressionshovn in the runningsimula-
tion; top right: adjustablenuscleparametershottomright: expressiorpalette.

Speechfrom audio: ALBRECHT usestheanimationsystemto generatesyntheticvi-
sualspeechHrom audioinput data,employinganalgorithmthattransformspho-
nemesinto visible mouth shapegvisemes)[Alb01, AHS02H. For realistic
speechanimation,coarticulationeffectshave to betakeninto account.To some

extent, additionalexpressve animationcanbe generatedrom the audiodatato
makethe speechmorelively [AHS024.

Speechfromtext: Currenttext-to-speectsynthesismodulesperform extensive lin-
guisticanalysisof theinput text to producea speectsignal. Insteadof working
from audioinput, this phonetictranscriptioncanbe usedto generatespeectan-
imation[AHK * 02]. By including available information aboutpausesandthe
typesof sentencesaswell asinterpretingadditionaltext markupin the form of
emoticong“smileys”), emotionalexpressionganbe supported.

Facetracking: Someof thefacial parameteraretrackedusingcomputewisiontech-
nigues,asshown in Figure5.6. This resultsin very naturalmotion, but not all
subtletiesof the face can be capturedeasily In the currentsystem,only eye
blinks, headrotation,and headtranslationarerecorded.Still, the resultof the
aborementionedpeectanimationtechniquess vastlyimproved by usingthese
recordedparameters$n additionto synthesizednoutharticulation. The input
consistdn this caseof videofootage with audio,of a speakingoerson.

5.4 Deformation of the Reference Head Model

To obtainindividual headmodels,the referenceneadis deformedusinga technique
basedon the landmarksattachedo skin and skull. Thelandmarkssene ashandles
for controllingthe shapeof the headandthefacial features.Using suchanthropomet-
rically meaningfulcontrolsfor deformationenablesmodelingoperationson a higher
level of abstractionfor instancechange®f facial proportions.The generaldeforma-
tion methodproposedn Chapter supportsa multitudeof applicationsthreeof which
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Figure5.6: Facetrackingtool. Usinga numberof featurepoints(red dots), position
andorientationof the headaretracked(blue ellipsoid).

areexploredin thisdissertationmatchingthegenericmodelto individualrangescans,
simulatinghumanheadgrowth, andreconstructinga facefrom skull data. Figure5.7
exempli es the creationof a structurecheadmodelfrom scandataandlater modi ca-

tion by changingheageof themodel. As canbe seenfrom the gure, theheadmodel
remaindully animatablghroughouthesetransformations.

5.5 Rendering

The face meshand the facial componentsare renderedas textured polygonsusing
OpenGL[WND96]. For aheadmodelresemblinga realindividual, the texturesfor

skin, eyes,andteethare compositedrom a numberof photograph®f thatpersonas
describedby TARINI etal. [TYHS02]. Figure5.8 shaws a skin texture generatedn

thismannetandtheresultingheadmodel. Moderngraphicshardwarecaneasilyhandle
hundredsof thousandof texturedtrianglesper second,so highly detailedgeometry
canin principle be renderedn realtime. Nonethelessthe numericalsimulationthat

d)

Figure5.7: Headmodelsgeneratedrom rangescanof a5 yearold boy: a) scandata;
b) adaptedheadstructurer) textured;d) agechangedo 20years surprisedxpression.
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Figure5.8: Visualizationof theheadmodel. Left: texturegeneratedrom photographs;
right: modelrenderedisingOpenGL.

drivesthe animationof the face meshis restrictedto rathercoarsemeshego reach
sufcient updaterates.To improve thevisual quality of therenderedmagesdifferent
stratgiesareused:geometriaetailcanbepretendedy shadingricks,or therendered
geometnyis generatedby re nementof theanimatedneusingsubdvisiontechniques.
Chapter discusseshisin detail.

5.6 Multithreading

Fastsimulationupdatesn the rangeof 30-40fps have to be maintainedfor highly
dynamictypesof animation,for instance visual speech.On a single-CPUsystem,
the majority of the computationaload is on the numericalintegration, leaving little
resourcegor rendering.Also, by visualizingthe currentsimulationstatein lock step,
therenderingframerateis boundto the speedof the simulation. With dual processor
machinesbecomingmorecommonplaceit is thusadvantageou$o let simulationand
renderingthreadsrun on separateCPUs. The renderingthreadcangenerateénterpo-
lated in-betweenframesfor smootheranimationand performhigherquality shading
while waiting for the next simulationresultfHKA * 01]. A schematimverview of the
setupfor speechanimationin a multithreadingervironmentis depictedn Figure5.9.
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key frame ring buffer
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Figure5.9: Multithreadedsimulationandrenderingin a speectanimationframevork




CHAPTER O

Skin Tissue Dynamics

All the beautyof theworld, 't is but skindeep.
—RalphVenning

The excursioninto anatomyin Chapter4 hasshown thatthe structureof facial skin

is highly complex, making propersimulationdif cult. In this chapter takea closer
look at the mechanicapropertiesof facial skin anddescribehow simulationof skin

dynamicsis integratedinto the facial animationsystem. Section6.1 thusintroduces
the foundationsof the biomechanicapropertiesof skin. Otherthanin medicalap-

plications,whereaccuratesimulationof realskin behaior is absolutelyessentialthe

focusin my realtime animationsystemis on typical andplausiblebehaior: skin de-

formationshouldappearrealisticto the eye, but it is not mandatorythat the skin on

thevirtual headmovesandfolds in preciselythe sameway ason its real counterpart.
Adheringto this guideline,a fastmass-springpproachseeSection6.2) is usedfor

the simulation,employingthe explicit numericalintegrationschemaliscussedn Sec-
tion 6.3. Apart from the numericalsimulation,the structureof the springmeshis vital

for behaior and run-time ef ciency of the virtual skin. This structureis presented
in Section6.4. The chapterconcludeswith a discussiorof the overall simulationap-

proachandperformanceneasurements.

6.1 Biomec hanics of Facial Skin

The examinationandunderstandingf the mechanic®f living skinis in the realmof
biomedhanics wherethe mechanicabehaior of biological materialsundervarious
conditionsis analyzedFun93. Topicsin this disciplinearestressandstrain,strength,
creep,fracture, heattransfer vibrations,and mary more. In the contet of a facial
animationsystemyesultsfrom biomechanicgjive insightsinto the deformationof fa-
cial skin underthe in uence of externalforcessuchasmusclecontractionsand jaw
movement. In a typical biomechanicakxperiment,forcesappliedto a materialare
measuredh relationto the sizeof thespecimenThisrelationis expressedhroughthe
stress = f =3, i.e.,theforceperunit cross-sectionarea.lts basicunitis nevtonper
squae meter(N=m?). The deformationof a solid, resultingfrom stressjs described
by the strain measue e. For somethingassimpleasa one-dimensionaspringof rest
lengthl, thatis stretchedo lengthl, the changein lengthcanbe expressedy mary
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differentstrainmeasuredor instance,

|, o2 12
or 27

behaing similarly atlow strains put puttinga differentemphasi®n largerstrains.
Deformationcantake mary forms besidesuniaxial stretching,suchasbendor shear
Theusefulnes®f a strainmeasuréas determineddy the stress-straimelationship:for
instancea springthatis subjectto a pull, stretchesThus,anexpressve graphof the
appliedstressover the straine; canbe plotted. Pertainingto uniaxial stretchingof
mary so-calledHookearmaterialssuchassteel,the simpleformula

e =

Iy

= Ee (6.1)

holdstruefor acertainrangeof stressesk is aconstanbf thematerial,calledYoung's
modulus andis measuredn the sameunit asthe stress.

In general,mostreal-world materialsexhibit muchmorecomplex behaior. The
propertiesof a materialaredescribedy its constitutiveequation The Hookearelas-
tic solid is oneof threeidealizedmaterialswith simple equationsthe othertwo be-
ing the non-viscousuid andthe Newtonianviscous uid. As Equation(6.1) shaws,
a Hookeanelasticsolid exhibits a linearly proportionalrelation betweenstressand
strain. The strainmeasuree of this constitutve equationcanbe greatlysimpli ed by
the assumptiorof isotropicbehaior, i.e., the stress-straimelationis consideredo be
independenof the direction. In the one-dimensionatase the materialhasonly one
elasticconstant,Young's modulusk . If anotherdimensionis addedto the solid, i.e.,
width, the Poissonratio is included,describingheratio of extensionin thedirection
perpendiculato theline of compressionvhenthe materialis squeezed.

While this andthe othertwo idealizedconstitutive equationssufciently charac-
terizemary materialsusedin engineeringskin andmostotherbiological solidscan-
not be properly describedby them. Skin hasexperimentallyshowvn to have a highly
non-linearstress-straircurve: underlow stressskin haslow resistancegainstdefor
mation,becauséhe collagen bers unroll andstretch.The elastinbaseof the skin be-
havesvery similarly to anidealrubbermaterialwith linearstress-strainesponseWith
strongerdeformatiorthecollagen bers becomecompletelystretchedandalignedwith
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Figure6.1: Forcef vs.uniaxialstretchratio for rabbitabdominalskin. Imageafter
FUuNG [Fun93].
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the deformation,leadingto a sharpincreasdn resistance The resultingstress-strain
curve, shovn in Figure6.1,is thusessentiallybiphasic.

Acrossthe face,the bers of the collagenlattice follow certaincontours the so-
calledLangers lines. Skin deformsanisotropicallyalongtheselines, further compli-
catingthe behaior of the material. Giventherestingtensionof the skin, the Langers
lines indicate, for instance the directionalong which a sumgical cut shouldbe per
formed. Facialwrinklesalsousuallyalignto the Langerslines.

Skin exhibits signi cant viscoelastiqropertiesj.e., it behaespartly like anelas-
tic solid andpartly like aviscous uid. In cyclic loading,the stress-straimelationship
in theloadingprocesss thusslightly differentfrom thatin the unloadingprocessthis
effectis calledhysteesis Dueto stressrelaxation theinducedstressesvill decrease
over time, whena constantstrainis appliedto skin. If, in contrastthe stressis kept
constantthe skinwill continueto deform,a phenomenoralledcreep Thesebeha-
iors canbe attributedto the incompressibilityof the waterin the fat cellsandin the
groundsubstanceandto the delayedmotion of the bers in the groundsubstance,
causedy the uids. Incompressibilityalsocauseshe Poissoneffect whenanincom-
pressiblematerialis compresseth onedirection,it will extendperpendicularlyto the
line of compressionmaintainingits volume.

As canbe seenfrom this brief introduction, realistic simulationof the comple
propertiesof skin is a dif cult task. Even giventhe currentstateof computepower
available on a desktopPC, an accuratesimulation using advancedFEM algorithms
is by far too time-consumindor real-timefacial animation. Therefore,| usespring
meshesalso called mass-springsystems,a physical model that allows at leastthe
simulationof non-linearelasticitywith little computationagffort.

6.2 Spring Meshes

In computemgraphicsspringmeshesreoftenusedfor modelingskin, cloth, andother
soft materials.The deformablebodyis approximatedy a collectionof point masses,
which are connectedoy Hookeanspring elements.The resultingmeshtypically de-
scribesa surface suchasatextile sheefBHG92], but volumetriclatticescanalsobe
built [TW90]. Deformationis causedy applicationof forcesto the massnodesof
the system.The resultingnodedisplacementsduceinternalstrainby stretchingthe
connectingsprings therebyforcing othernodesto move. This processontinuesuntil
the systemreachesa new equilibrium,wheretheforcesin icted on eachnodecancel
eachotherout.

6.2.1 Mass-Spring System Formulation

Formally, the point massesn suchasystemarerepresentedsasetof N nodesM =
f1;:::;Ng. Eachnodei 2 M hasamassm; 2 R*, aswell asassociategbosition
Xi, velocity v;, andacceleratiora;, all in R3. At ary instantin time, position,velocity
andacceleratiorarerelatedby

Vi = Xj; and
ai = V= Xj.
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The nodesareconnectedy a setof M springsS = f1;:::; M g, whereeachspring
s 2 S connectghenodesps andgs. Eachspringhasacurrentlengthls = kxp,  XgK,

andarestlengthr g, usuallygivenby thespringlengthin therelaxedstateof thesystem.
Thedirectionalforce springs exertsonits endnodeps is thencomputedas

fs= kslsl rs(xqs Xps);
S
wherethe stiffnessconstanks 2 R determineshe elasticityof the spring:the higher
the coefcient, thestrongertheresultingforce. The springforceis a non-linearfunc-
tion of X, andx o, becaussumsof squaresireusedto computes. Thetotalforcen;
onnodei is thesumof all theforcesdueto the springsstartingfromandthe opposing
forcesdueto the springsconnectingxo it:

X
s2S s2S
ps =i Os =i

6.2.2 The Equations of Motion

Thetime-dependenbehaior of the point massesn the mass-springystemfollows
Hamilton's Principle of LeastAction, which stateghatthetrajectoryx;(t) minimizes
theaction,i.e., the differencebetweerthekineticandpotentialenegy, integratedover
time. Minimizing this functionalmeango look for the pointwhereits derivative van-
ishes: g z,

dXi to
L = T U isthelLagrangian with T beingthe kinetic enegy, andU the potential
enegy of thesystem.Thewell-known EulerLagrangesquationof motionis aconse-
guenceof Hamilton's principle,derivedusingspeci ¢ instance®f theenegy termsT
andU (which arenotspelledout herefor brevity):

L(t; x;;x)dt = 0:

miXj+ X; nj € =0; (6.3)

wherethe springforce n; is de ned asin Equation(6.2), ande; representgxternal
forces,suchasmuscle-inducedbrces,appliedto thenodes.Thedampingterm,scaled
with , is velocity-dependenand usedto dissipatekinetic enegy from the system,
modelingenegy lossdueto friction. This is oftensetto a high valueto stabilizethe
systemin numericalintegration,resultingin overdampedehaior.
Theforceresultingfrom aparticle'smasscurrentaccelerationandvelocity equals
the sumof springforcesandexternalforceson nodei at all times. Giventheinitial
stateof the systemthe solutionto the equationof motionthusdescribeshe dynamics
of the systemovertime, maintainingthe balancebetweerexternalandinternalforces.

6.3 Numerical Simulation of Spring Mesh Dynamics

Equation(6.3)is asecond-ordeordinarydifferentialequation(ODE). Initial positions
x? andvelocitiesv? areprovided for all nodesi. For animation,the developmentof

theseparametersver a seriesof discretetime stepsis needed.To solve this initial

valueproblem the equationneedgo beintegratedthroughtime.
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6.3.1 Euler Integration

A very simple and popular[LTW95, WF95] methodis Euler integration, which is
iteratedover constantime steps t:

1
t t t t
a = —(ni + e Vi
1 m|( | | |)
vit U= vi+ taf
xF U= xt+ o tvf

Here,the second-orde©DE hasbeenrewritten asa systemof two coupledequations
of rst order Unfortunately this methodsuffers from lack of stability, i.e. the time
stepsneedto bevery smallif the stiffnessof the systemis high.

6.3.2 Verlet Integration

A methodthathasbeendesignedor directintegrationof second-ordeproblemss the

Starmef\erletmethod jntroducedoy the physicistVERLET in 1967[Ver67],but also

attributedto ST@GRMER, who useda similar methodalreadyin 1905[Ves94. In this

formulation,the secondlifferentialquotientis replacedy the Stirling approximation
1 h i

P+ xt U+ 0O( t2):

Solvingfor x{* ! leadsto

xi* =2t x4+ tfal+ O( tY);
thuscomputingthe new nodepositionattimet + t directly from the known accel-
erational attimet, with an errorin the orderof O( t%). This acceleratiorin turn
dependon the velocity v = x! dueto the dampingterm of Equation(6.3). In a
popularmodi cation of the Verletmethod ,known astheleapfrog Verlet formulation,

v!is thereforeestimatedrom thevelocitiesv! *° 'andv! %° t
3 . 1 :
| S t 05 t t 15t
vi = v SVi
t+05 t —

! Vit 05 t + tait
Figure6.2illustratesthestaggere@valuationorder, to whichtheleapfrogvariantowes
its name.This methodis notself-startingj.e., valuesfor x, ' andv, %° ' needto be
givento evaluatepositionsandvelocitiesatt = 0. The rst time stepthushasto be
bridgedusinga self-startingechnique LeapfrogVerletintegrationis morestablethan
Euler integration, at comparablecomputationcosts: the external and internalforces
have to be computedonly once per time step. Due to theseadvantages] usethe
leapfrogVerletmethodfor simulationof thefacial springmesh wheretheinitial time
stepis performedusingEulerintegration.
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Figure6.2: Evaluationof positionsandvelocitiesin the leapfrogVerletmethod. The
known acceleratiom' atpointt is usedto computethedisplacementt ! x'* ! and
thevelocityv! 95 t1 vt*0:5 t Thevelocityv!* !isapproximatedy averaging,
andusedfor the velocity-dependendampingfactorin the computatiorof at* t.

6.3.3 Load-Adaptive Time Stepping

To maximizestability in the real-timesetting,the time steppingof the simulationis
adaptedo theavailablecomputatiortime. Thegiven, x edframerater (in framesper
second)determineghetime slott = 1=r betweentwo renderedrames. During the
animation thetime ty spentexternalto the simulationprocedurds measuredmainly
including updatesof the musclecon guration and actualrendering. The time spent
insidethe simulationprocedurds determinednly by the time ts neededo perform
computationgor all springmeshnodes.Thistimeis alsomeasuredThetimet ty is
thusavailablefor the skin dynamicssimulation,andl = b(t tyx)=tsc iterationscan
be safelyperformedgegachwith a simulatedtime stepof t=1 . Figure6.3illustratesthis
correlationbetweerrenderingtime andsimulationtime for oneframe.

This schemeassumeghat eachiteration of the numericalintegration algorithm
takesthe sametime, which is a valid assumptiorgiventhe constannumberof nodes
and springs. Overall systemload canvary in a multi-taskingenvironment, though.
Thereforethetime measurementreupdatechndaveragederframeto achievebetter
adaptatiorto the currentcomputingcapacity

6.4 Spring Mesh Construction

Thetrianglemeshsurfaceof theheadmodelis usedasthe startingpoint for modeling
theskin structure:directcorversionof thenodesandedgesf thismeshto massoints
andspringsresultsin a spring meshrepresentingepidermisanddermis. The initial
stiffnessconstanbf asprings is computedaccordingto VAN GELDER [Van98]:

P
areqt)
ks = Es(ls)—tZTer ,

S
wherethe numeratoris the summedareaof the (one or two) trianglesTs incident
uponsprings, r ¢ is thespring'srestlength,andls is the spring's currentlength,where
initially Is = rs. E5 representthetwo-dimensional¥oung's modulusof thesimulated
membrane.The valueof Es dependson the currentlengthof springs: assigninga
constantstiffnessto the springsrestrictsthe simulationto linearly elasticmaterials,
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Figure6.3: Simulationandrenderingwithin oneframe,with a prescribedime t per
frame. Within that real-timeinterval, the simulationis advancedto tg + t andren-
dering and muscleupdatesare performed. Measurementsf computationtimes for
onesimulationstepts and“everythingelse”ty arecontinuouslyupdated.Typically,
someamountof time < ts is left whenoneframeis done,sothe simulationloop is
re-enteredhlreadyatt, for processingf the next frame.

i.e., the springsalwayselongateproportionallyto the appliedstrain. Thus,to model
thebiphasicstress-straibehaior of skin, thestiffnessconstants modi ed atruntime
accordingo thecurrentdeformationof springs. The valuesareempiricallychoseras

i s B
Edly) = 100 | if =< 1:5;
1000 , else.

To computethe massof the springmeshnodesthe massdensityof theskintissue
is approximatedwith an averagevalue of 1100 kg=m? [Duc90]. The surfacearea
of the headmodelis the total areaof all trianglesin the mesh. Togetherwith the
assumedweragethicknessof the skin, the total massof the skin is computed. This
massis nally evenly divided amongthe meshnodes.For the referenceheadmodel
(seeSection5.1)with 2 mm skinthicknessand1027vertices thisresultsin 0.31g per
node.To avoid unnecessargomputationgor the staticregionsof the headmodel,the
springmeshis only constructenthefaceregion of theheadmodel. For thereference
headmodelthe surfacespring meshis thuscomprisedof only 1791 springsand 625
nodes.

The connectionto the bone structureand the musclelayer is built by inserting
additionalsprings. To this end, static massnodesare placedon the skull andon the
musclesurfaceas shavn in Figure 6.4(a)and connectedwvith nodeson the surface.
Thesemusclelayer attachmentare discussedn more detailin Section7.4.6. The
additionalspringshave rathedow stiffnessconstantso simulatethefatty subcutaneous
layerthatallowsskinto slidefreely ontheskullandonthemuscldayer. Theconstants
have againbeenchoserempirically: the skin-muscleconnectiorhasa stiffnessof 10,
andthe skin-boneconnectioris assigned valueof 30.

Theskinmodelasdescribedsofar hasnonotionof volumepreseration. Theskin
maythuspenetratehe muscleandbonelayerswhenstretchedpr evenfold over. The
problemis solved by attachinganotherspringto eachmeshnodethat pulls the node
outwards. Theadditionalspringmirrorsthespringthatattache# to theboneor muscle
layer, alsoshown in Figure6.4(a). This resultsin a surfacenodemoving preferably
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mirrored
attachment

** — skin mesh
w ~ skull

attachmer

skull

(@)

Figure6.4: Mass-springsystem.a) Springsconnecthe skin surfaceto skull andmus-
cles;attachmentare mirroredoutwards.b) Springsconstructedrom referencehead
geometry Black biphasicspringscorrespondo surfaceedgesred springsconnecto
bonesandmusclesandsupportskin tension.

tangentiallyto the skull and musclesurface.Intersectionof the skin with the deeper
layersis effectively avoidedwith this mechanismalthoughnot completelyruled out—

violent skin distortioncould still causepenetration.As a physicalinterpretationthe

mirroredspringscanbe interpretedasa modelof the outward-directedorceresulting
from theinternalpressuref askincell. Figure6.4(b)shovsthecompletespringmesh
for thereferencehead.

6.5 Discussion

The Verletleapfrogmethodusedhereis a popularnumericalintegration schemein
physics[Ves94, andis alsousedin computergraphicsapplicationgTG98]. A vast
numberof othernumericalintegrationschemess available,with varying advantages
anddisadwantagesIimplicit methodscurrentlyexperiencea renaissancegspeciallyin
clothanimationlBW98]. While theimplicit formulationallows for largertime stepsn
very stiff equationsthey requirethe solutionof a systemof non-linearequationgper
step. The few givenexperimentaktimingsin theliteratureindicatethatthe usefulness
of implicit solversin real-timeanimationis still limited [BW98, HEO1, VMTO01], even
thoughthe methodssompardavorablywithin the cloth animationdomain.Additional
dif culties arisewhenmodelingthenon-linearstiffnessof skin. | have usedheexplicit
Verlet integration schemesince it shovs adequateperformanceand better stability
thanthe Euler method,at similar easeof implementation.Ona 1.7 GHz Xeon CPU,
the simulationof the meshdepictedin Figure 6.4 achievesstable50 Hz. Table 6.1
summarizeshe springmeshparametersisedin the experiments.

As the statisticsin Figure6.5 show, the simulation(including surfacenormalup-
dates)takesup lessthanhalf of the availabletime betweerframesat thatrate. Future
useof alternatveintegrationmethodsnaybemotivatedfor instanceby morecomplex
skin tissuemodelswith alarger stiffnessrange.An obvious possibility for improving
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#skinsurfacesprings 1791 | Eslow

#skinsurfacenodes 625 Es high

#additionalsprings 625 stiffnessskin-musclesprings
#additionalstaticnodes 1250 | stiffnessskin-bonesprings
nodemass 0.31g | dampingcoefcent

100
1000
10
30
30

Table6.1: Springmeshdataat a glance for thereferencehead.

theintegrationalgorithmis theintroductionof variabletime steps:larger stepscanbe
takennearstablestates For instance BARAFF andWITKIN examinethe stretchforces
of thematerialat every frameto adjustthe stepsizedynamically[BW98].
Thespringmeshstructurgpresentedh this chaptelincorporateskull non-penetra-
tion constraints and also resistsvolume compressiorin the vertical direction. The
main bene t comparedo local geometricconstraintdLTW95] is the absenceof an
explicit constraintmechanism:no evaluationof skull geometryor skin cell volume
hasto beperformedwith eachtime step.In practice themechanisneffectively avoids
undesirablenotion of the skin throughthe muscleandskull layers,at low computa-

tional cost.

simulation
\
\ B Update of

|
/

12.202606 fps)

[ average time for

surface normals

[ | Remaining time
per frame (at 50

2.171813

Figure6.5: Timingsfor springmeshupdate.The valuesaregivenin ms,with atotal
frametime of 20 ms. Also includedis the updateof surfacenormals,necessarafter
skindeformatiorfor properrendering.Besidegenderingtheremainingframetimeis

spenton muscleupdatesgf. Figure7.21in Section7.7.






CHAPTER [

Facial Muscle Model

Theanatomicaljuxtapositian of two orbicularis oris musclesn a stateof contraction.
—Dr. HenryGibbons,de nition of a kiss

Overthe pastdecadeglifferenttypesof biomechanicamodelshave beendeveloped
that re ect the growing body of knowledgeaboutthe comple structureof muscles
[KS98]. Thesemodelsfocus on the replicationof the dynamicsof a muscleunder
isotonicandisometriccontractionsij.e., the change®f muscle ber lengthsandgen-
eratedforcesover time (seeSection4.3.1). Isotoniccontractionis the mostimportant
mode of contractionpertainingto the display of expressionson the face. A virtual
musclemodel also should supportthe variousmuscleshapecon gurationsthat ex-
ist in the humanface,exempli ed in Figure7.1: long andthin strandsproadsheets,
curvedmusclesandsphincters.

In my musclemodel,a muscleis representedsa bundleof bers, eachof which
hasa pieceavise linear polygonasits control structure,similar in spirit to the model
developedby LEE et al. [LTW95. Geometricshapesare attachedto the seggments
of this control polygon. Isotonic contractionof a virtual muscleis controlledby a
numericaparametercausingshorteninganddeformatiorof themusclegeometry The
simplifying assumptioris madethatall musclecontractionsn thefacearecarriedout
instantaneouslyi.e., thatthe internalmuscledynamicsandtime dependenbehaior
canbenglected.

Fiberbasedmusclemodelsare commonplaceén the facial animationcommunity
The modell proposehereextendsthe basicconceptto incorporatemary important
featuresof musclebehaior pertainingto theface,raisingthelevel of realismandex-
pressvenesshatcanbeachieved.| rst discusshesefeaturesn thefollowing section,
beforedelvinginto the detailsof the musclemodelimplementatiorin Section7.2. A
solution for the problemof practicaldesignand constructionof a set of musclesis
demonstratedn Sections7.4 and7.5. The chapterconcludeswith examplesand a
discussiorof the capabilitiesandlimitations of the proposednusclemodel.

7.1 Observations on Muscle Contraction

The musclemodelsusedin currentphysics-basedacial animationsystemsemulate
the shorteningof singleor groupedmuscle bers underisotoniccontraction.A closer
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Figure7.1: Differentmusclelayoutsasthey appeain thehumanface: 1) long andthin
strands(zygomaticusmajor); 2) broadsheetqfrontalis); 3) curved muscles(levator
labii superiorisalaequenasii)4) sphinctergorbicularisoris). Image:[SF00]

examinationof the behaior of real facial musclesrevealsthat a numberof visible
effectsresultingfrom musclecontractionarenot supportedy simplemodels:

Interweaving: Musclesare often layered,sliding freely acrosseachother But, as
WATERS andFRISBIE pointout[WF95], musclesnayalsointertwineandmeige
sothattheir actionsare coupled—afact that canbe obsened especiallyin the
region aroundthe mouth. Many of the musclesrom the lower facemegeinto
theorbicularisoris, for instancethe zygomaticusandthelevatorlabii superioris.

Elastic deformation: The meging of musclegesultsin mutualdeformationon con-
traction, i.e., the movementand deformationof a musclecan be causedand
constrainedoy othermuscles. It canthusnot only actively contract, but also
be passvely stretched Thisis prevalentin the movementsof the mouth, since
nearlyall of the musclesin the lower face meige into the orbicularisoris. A
smile, for instance causedy contractionof the zygomaticusmuscles pulls at
the upperlip part of the orbicularisoris, leadingto stretchingof this muscle,
also elongatingand straighteninghe triangularismuscles(which are x ed at
the chin,andalsomegeinto theorbicularisoris).

Bulging: Contractedmusclesbecomethicker; this is very visible in the orbicularis
oris when making a pout. In contrast,a musclebecomeghinner whenit is
stretched.

Independentcontraction of bers: Musclesare composedf mary parallel bers,
which mastly contractin unison,shorteningby equalamounts.But especially
the orbicularisoris is capableof muchmorearticulatedmotion, resultingfrom
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differentcontractionof the bers in thevarioussegments Lips canbeprotruded
or retracted andthe upperandlower lip areableto move independently For
instance,during the articulationof an “f”, the upperlip protrudeswhile the
lowerlip retracts.

Theseeffects suggesta muscle model basedon physical properties,coupledwith
proper numericalsimulation, for instanceusing nite elementmethods. However,
in the contet of real-timeanimationthe computationabverheadis prohibitive. To
producerealisticanimation,| thusemulatethe listed behaiors by anumberof simple
geometriacdeformationsplusacoarseapproximatiorof the networkof interconnected
muscleausinglinearly elasticsprings.

7.2 Virtual Muscle Representation

The musclesare built from individual bers thatarein turn composedf piecavise
linear sggments.These bers canbe combinedinto parallelgroupsto form sheetof
arbitrarywidth. The surfaceof the muscleis producedby the union of the geometric
shapeghatare attachedo the sgments. Two typesof contractionare supportecby
themodel:alinear musclecancontractalongits lengthtowardsone x edend,while a
sphinctermusclecontractsowardsa centerpoint, typically in a directionroughly or-
thogonalto thedirectionof the bers. Both muscletypesareessentiallydescribedy
the sametype of controlpolygon,but a sphinctersrepresentatiomcludesthespeci -
cationof thecenterof contraction.Theinternalrepresentationf themuscleby control
polygonandassignedyeometricshapes discussedn this section. Sincethe process
of computingthe deformationof a setof interconnectedhuscless rathercomple, the
detailsof musclecontractionaredescribedseparatelyn Section7.3.

7.2.1 Muscle Control Polygons

A muscle ber consistsof N controlpointsp; 2 R3(i = 0;:::;N 1) forming a
controlpolygonP . A linearmusclealwayscontractdowardspg. A sphinctemuscle
hasanadditionalcenterof contractionp , towardswhichthecontrolpointswill move.
For reproducingprotrusionandretractionof the orbicularisoris, a staticcentralpoint
of contractionis not sufcient. Thus,p canmove alonga centralaxisapaz, giving
themuscleanadditionalparametern 2 [0; 1] thatdescribeshe positionof thecurrent
contractioncenterbetweenthe axis endpointsap anda;: p = (1 @a)ap + aaj.
Figure7.2shovs examplepolygonsfor a linearanda sphinctermuscle.Notethatthe
polygonfor a sphinctermuscleis not closed,contraryto what one would expectfor
acircularmuscle.This is essentiafor the modelingof muscleghatconsistonly of a
semi-arc.In fact, noneof themusclesn thefaceis really aclosedring: theorbicularis
oculi is attachedo the nasalroot, andthe orbicularisoris consistof severalparts(see
Section7.6).

7.2.2 Muscle Segment Shapes

Eachmusclesggmenthasa local coordinateframe, de ning its currentorientation,
width, length,andheight. The axesof this framearede ned by the sgments direc-
tion, asgiven by connectinghe control points,andan additionalup vector, pointing
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Figure7.2: Piecaviselinearmuscle bers with controlpolygonsP = fp;g. Left: ber
of alinearmuscle;right: asphincterwith contractioncenterpointon the centralaxis.
Arrows indicategeneraldirectionof contraction.

towardsthe skin. The third axis—for the width dimension—isconstructecrthogo-
nally to thesetwo. Figure7.3(a)shonvstwo framesbelongingto consecutre segments
of amuscle ber. The framesare usedto storethe positionsof springmeshnodes
that attachto the sgmentsin segment-localcoordinates.Deformationof the muscle
changeshelocal frames,andthe attachedspringmeshnodesaredisplacedaccording
to their new absolutepositions. More detailsaboutthe connectionof skin and mus-
clesaregivenin Section7.4.6. The importantpoint hereis that the changesf the

local coordinateframesduring muscledeformationcompletelyde ne thein uence of

the muscleonto the skin layer, with no further information aboutmusclegeometry
required.

Nonethelessan actualmusclesurfaceneedsto be de ned to nd the points of
attachmenfor the springmeshnodes. To this end, a geometricshapeis alignedto
eachsggments local coordinateframe. This sggmentgeometryis usedfor visualiza-
tion duringinteractive constructiorof amuscle andfor attachmento the springmesh
system.Theattachmenprocessasdescribedn Section7.4.6requiresray intersection
tests,normalcomputation andinside/ outsideteststo be performedon the geometry
Ellipsoidslendthemseleseasilyto thesetasks[CW92], but requirea certainoverlap
betweemeighboringsegmentsto avoid large holesin the musclesurfacel KHS01H4.
Still, gapscannotbe completelyavoidedwithout makingthe ellipsoidstoo large, re-
sultingin rarefailuresof ray intersectionor containmentestsat the transitionsbe-
tweenmusclesegments. Figure 7.3(b) shavs bers of a musclewith attachecellip-
soids.

Theselimitations are avoided by using a box-like shape[KHYS02]. For each
ber, achainof polygonalboxesis constructedalignedto the frameaxes. To obtaina
closedsurfacethe cornerverticesof adjacenboxesareuni ed atthe averageof their
positions.In contrasto theellipsoidsegmentstheverticesof thebox shapeshusneed
to be recomputedhfter a deformationof the muscleif the muscleis to bevisualized.
Also, ray intersectiontestsand point inside/ outsidetestsare more complicatedthan
with a quadricsurface,requiring testingagainstthe polygonalrepresentatiomf the
box. The adwantageis a morewell-de ned musclesurfacewithout gaps. As stated
above, the complity of the geometricrepresentationf the segmentsis in ary case
inconsequentidbr therun-timeperformancef the system.Figure7.3(c)showns bers

of amuscleswith attachedoxes.
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height_ |dth

Figure7.3: Musclesgmentgeometry a) muscle ber with frames;b) ellipsoidsas-
signedto threeneighboringbers; c) boxesassignedo bers.

7.2.3 Muscle Connection Constraints

A muscletypically consist®f mary bers runningin parallel. Toeasehemanagement
of muscleconnections| usesimpli ed versionsof the musclesgssentiallyrepresent-
ing eachasasingle ber. In particular thefollowing simpli cations aremade:

All parallelsegmentsin the control polygonsof a muscles bers aretreatedas
aunion. Thisunionwill bereferredto asa sgmentof themusclein contrastto
asegmentof a ber.

The positionsof parallel ber controlpointsp; areaveragedpeingdenotedas
the control point p; of amuscle For discussiorof the muscleconnectionsit is
often necessaryo referto particularmuscles.An upperindex will be usedto
denotethis,sop{" is thei-th control point of musclem.

Displacingthe control point of a muscleis carriedout by applyingthe same
displacemento theindividual ber controlpointsit represents.

Thefreeendof alinearvirtual musclecanbe connectedo asequencef segments
onary othermuscle.Theconnection@reautomaticallydetectedy testingtheshapes
assignedo the end sggmentof eachmusclefor intersectionwith the shapesof all
othermusclesggmentsduringinitialization. Only the endsegmentsareconsideredor
testingto allow muscledo freely crosseachotherwithoutinteraction.For eachof the
S connecteccomponentsn the sggmentintersectiongraph,a constrint group with
index k;0 Kk < S, is setup. Eachsegmentis boundedby the two musclecontrol
pointsat eitherend,andfor eachpair of sgmentsin groupk the two pointsclosest
to eachotherareidenti ed. ThesetG, N2 referenceshesepairsof nearbycontrol
pointsby their muscleand pointindex: (m;i) 2 G refersto the positionp{". The
initial distanceof eachpointin groupk to the group's centroidis computedaswell,
denotedby dﬂ” . An exampleshawing threemuscleameging into a fourth muscleis
shavnin Figure7.4.

Oncethe constraintgroupshave beenformed, a simple mass-springystem,ap-
proximatingthe elasticbehaior of thenetworkof intertwinedmusclesijs constructed.
An examplefor a spring meshconstructedn this way is shown in Figure 7.5. This
systemis setupin four steps:

1. Massnodesare createdfor all p™; (m;i) 2 G, containedin eachconstraint
groupk (cf. thegreenandreddotsin Figure7.5).

2. The nodesthat belongto the samemuscleare connectedy a spring, thereby
linking constraingroupsto eachother(cf. theredlinesin Figure7.5).
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muscle 2 muscle 3

Figure 7.4: Formation of constraintgroups. The musclesl,2, and 3 meige into
muscle0. Two constraintgroupsare formed by intersectingsegmentshapes:group
0 (green)and group 1 (red); the musclecontrol points p{" are averagedfrom the
ber control points. The control point indicesare collectedfor eachgroup: G =
f(0;1);(0;2);(1;1); (2;1)gandG = (0;3);(3; 1)g.

3. For every linearmusclewhoseendcontrol pointis partof a constraintgroupa
staticnodeis createdat the positionof the rst musclecontrol point (the x ed
boneattachment).A springis insertedconnectingthis x ed nodeto the end
point(cf. theblackdotsandlinesin Figure7.5).

4. Within eachgroup, the nodescorrespondingo points belongingto different
musclesareconnectedy springs(cf. thegreenlinesin Figure7.5).

7.3 Muscle Deformation

For eachframe of an animation,the currentcontractionof eachmuscleis speci ed
asa scalarparameterc 2 [0; 1], wherec = 0 meansno contractionandc = 1 full
contraction.Thesphinctemparametea 2 [0; 1] maybespeci edto maove the centerof
contractiorfor thatmuscle.Themusclesalwaysdrive theskin deformatiorandarenot
in turn movedby the skin. However, someof themusclesareattachedo themandible,
following its rotation. The jaw rotationangleis thussetbeforeupdatingthe muscles.
In reality, thosemusclesare pulled downwardsby the skin tissuethey areembedded
in, whichisin turn attachedo thejaw bone.

The processf translatingmusclecontractionparameterinto deformationof the
muscleand nally displacingthe attachedskin nodesis carriedoutin separatestages.
The rst threestepswork entirelyonthe controlpolygons thenthelocalframeof each
segmentis updatedand nally thein uence ontheskintissuelayeris computed:

1. Deformeachmuscle ber accordingto currentcontractiorvaluesandjaw rota-
tion.

2. Satisfymuscleconnectiorconstraints.
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Figure 7.5: The springmeshconstructedo connectthe two constraintgroupsfrom
Figure7.4. Black nodesarestaticpoints,redandgreenonescorrespondo themuscle
control pointsin the constraintgroups. Line colorsred, black, andgreencorrespond
to step2,3,and4 asexplainedin Section7.2.3.

3. Relaxunconstraineghartsof the musclethathave beenstretched.
4. Computeshapechangesiueto bulging andstretching.
5. Updateattachedspringmeshnodes.

Thefollowing Sections/.3.1to 7.3.5explain thesestepsin detail.

7.3.1 Evaluating Jaw Rotation and Muscle Contraction

Eachmuscleis attacheckitherto the skull or to the jaw. This is doneautomatically
during muscleconstructionasdiscussedn Section7.4.5. If amuscleis attachedo
thejaw, its initial controlpointsP will berotatedaroundtherotationalaxisof the jaw
by the currentangle. To avoid unnecessarilgomplicatingthe notation,it is silently
assumedn the following thatthe lower face control polygonshave beentransformed
in thisway, beforethe contractionof the bers is computed.
For a linear muscle ber, giventhe contractionvaluec, a new control polygon
Q = faig,’ is computedirom P = fpigli, . To this end,eachcontrol point
pi 2 P is assigneda parametert; 2 [O; 1] describingthe point's position on the
polygon: 8
< % Jif i =0;
ti ==, !:1 kpj pj 1k
. P_J—j’\‘:llkpj S , else.
The parameterd; are scaledby the contractionfactor (1 ¢) and then clampedto
[0:01; 1] to avoid shrinkinga sgmenttoo much:

ti = maxf(1 o)tj;0:01g:

Next, eachparametet; is mappedto theindex ki 2 f0;:::;N 2g of the starting
point of the sggmentthatcontainst;:

( L
0 Jif 1=0;

j i<t tjs ,else.
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Figure7.6: Contraction(c = 3) of alinear(a) anda sphincter(b) muscle ber. The
controlpointsf p;g andf q; g representherelaxedandcontractednuscle respectiely.

Finally, thenew controlpointsqg; arecomputeddy linearinterpolation:

Gt

gi = Pk + (Pk+1 pki)m'

Thenetresultis ashorteningf the ber by afactorof ¢, wherethe controlpointsmaove
alongthe pathdescribedy the original controlpolygon,asshown in Figure7.6(a).

For sphinctermuscles segmentsare simply contractedowardsthe currentcenter
pointp 2 R3 (seeFigure7.6(b)):

gi == p +(@Q o)(pi p):

To accommodatéor the non-homogeneousontractionof the orbicularisoris, the
bers of a sphincterareallowedto protrudeby differentamounts.The outerpart of
the orbicularisoris (directly beneaththe nose)protrudesvery little, sincethis partis
constrainedy othermusclesandthe skull attachmenof the surroundingissue. On
theotherhand,theinnerlip partcanmovefreely. Thisis realizedby varyingthecenter
of contractionon each ber. Pointsontheoutmost ber contractowardsthepointp?

foundby directprojectionof p; ontothevectora = a;  ap:

a (pi ao)

? _
P-=4d0* kak?

a
Theinnermostber pointsusep . Foramusclewith f > 1 bers runningin parallel,
the bers arenumberedrom Otof 1, startingatthe outmost ber. Thecontraction
centerp; usedby the pointson ber | is found by linear interpolationbetweerthe
extremepoints:

Theeffectis shavnin Figure7.7.

7.3.2 Keeping Muscles Connected

After deformatiordueto musclecontractiorhastakenplace the musclecontrolpoints
in the constraintgroupsarenot locatedcloselytogetheranymore. Thisis correctedn
atwo-stepprocedure.



7.3. MUSCLE DEFORMATION

65

Figure 7.7: Two-partorbicularisoris model. Left: relaxed statewith closedmouth,
front view. Center:protrudedips, slightly openednouth,sideview. Right: upperlip
retracted|owerlip moved upwardandinward.

Geometric Constraint Resolution

First, the point positionsin eachconstraingroupk aredisplacedo regaintheirinitial
distancefrom thegroupcenter Thecurrentgroupcentergy is computedasaweighted
averageof thecontrolpointsg"; (m; i) 2 G, wheremuscleswith ahighercontraction
valuealsohave a higherweight,therebydraving the new centerpoint towardsthem:

X
Wg = 1+ cm;
m2M g
X 1+ ¢
g = —2q" ;
. Wk
(m;i)2Cx

whereM ( is thesetof differentmuscleindicesin G, andc,, denoteghe contraction
valueof musclem. The formulationguaranteeshat for a setof completelyrelaxed
muscles(cy, = 0), thegroupcentergy will belocatedin the centroidof the control
points. Thein uence of themusclecontractions scaledby theparameter , whichcan
be viewedasa measurdor the increasingstiffnessof the musclesundercontraction:
avalueof = 0 evenly distributesthe in uence of eachmuscle,regardlessof its
contractiorstate Highervaluedet themorestronglycontractednusclesxertahigher
“force” ontogk. A valueof = 30is usedin practice.

Giventhe new centerpoint, the " are moved directly towardsit to restorethe

initial distance: ( m)
i Cqm mi (kG
8(m;i) 2 G : qj dy kge gk
This mechanismimplementghedesiredbehaior thathighly contractednusclesxert

a strongemull on the othermusclesconnectedo it. Figure7.8 demonstratethis for
oneconstraingroup.

Dynamic Constraint Resolution

For smallermusclecontractionsthe abore geometrianethodsuf ces to keepthemus-
clesconnected.With strongerdeformationsjt doesnot warrantgood connectionof
themegedmusclesthough.Also, the effect of onemusclepulling at anothemuscle
is too local: the deformationat oneconstraintgroupshouldalsohave anin uence on
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Figure7.8: Geometriaconstraintresolutionfor the constraingroupO from Figure7.4.
Left: Musclecontrol pointsandcenter(greencross)at rest,with distancefrom points
to center(greenlines). Center: The two top musclesare contracted displacingthe
centerof thegroup. Right: Musclecontrol pointshave beenmovedto restoreoriginal
distances.

distantpartsof the muscle. To get an approximationof this type of elasticmuscle
behaior, the musclecon guration resultingfrom the geometricconstraintresolution
stepsenesasaninitial guesdor a globalconstraintesolutionbasedn dynamicsim-
ulation of the springmeshdescribedn Section7.2.3.

The nodepositionsof the springmeshare updatedaccordingto the new muscle
control pointsresultingfrom the geometricconstraintresolution. The restlength of
the springsis setto the currentdistancebetweentheir end nodes,representinghe
preferredengthof eachmuscle.A numericalsimulation,similar to the onedescribed
in Chapter6, distributesforcesacrossthe linked musclesegments. Eachrun of this
simulationspansthe time betweentwo renderedanimationframes. All massnodes
startfrom their reststateeachtime, sothereis no continuousupdateover the courseof
the animation. The springmeshis typically very small—in theimplementednuscle
setit consistof N, = 70 nodesandNs = 143 springs.The numericalsimulationis
thuscarriedout quickly andtakesup only a smallfractionof the overall computation
time. Seethe statisticsin Section7.6 for details. The spring meshparametersare
de ned with anodemassof mj = 0:01g (i = 0;:::;N, 1), adampingfactor

= 3, andspringstiffnessks = 40(s= 0;:::;Ns 1).

7.3.3 Muscle Relaxation and Stretching

When control pointson a muscleare pulled at by other muscles the lengthsof the
ber controlpolygonschange.To simulatestretchingof anelasticmuscle the control
polygonsare straightenedut accordingto the elongation. The control points that
arepartof constraintgroupsareheld x edin this step,but eachsectionbetweerntwo
groupsalongthe lengthof the muscleis modi ed, includingthe sectiongowardsthe
muscleends.

Letu andv beindicespointingto neighboringconstraineatontrolpointsona ber.
If this musclesectionis fully stretchedthe currentpointsq;;u < i < v areprojected
ontotheline connectingy, andqy, asillustratedin Figure7.9. Thetargetpositionst
on this line arecomputedby assigningparameterén theinterval [O; 1] to the control
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Figure 7.9: Muscle relaxationof two neighboringconstrainedmuscle ber sections.
Theblacknodesarepartof a constrainigroup,thewhite nodesareunconstrainedThe
muscleis straightenedn the unconstrainegbartsby projectingcontrol pointsonto a
line.

pointsandmappingthemontotheline sggment:

8
< Qu Jif 1= u;
ty =

Py
- . i= kaj @j 1k
: + pj=u+l ] ] | .
qU (qV qU) JV=U+1 qu qJ 1k 7ese

Thenew positionfor controlpointi is linearly interpolatecbetweerqg; andt;, accord-
ing to the elongationof the ber. First therestlengthl, andthe currentlengthl; of
the“closedmuscleloop” is computedi.e., thelengthof the controlpolygonif its end
pointswereconnected:

Ij( 1

ro= kpi  pi 1k+ kpn 1 pok
i=1
Ij( 1

le = kai g 1k+ kan 1 QoK
i=1

Theselengthsare usedto computea weightw for the linear interpolation,which is
clampedo therange[0; 1]:

le |,

w=max 1, min O; I
;

If the muscleis relaxed andnot stretchedat all, w equalszero. On the otherhand,as
theloop I becomesiggerdueto pulling at the control verticesof the musclesthe
valueapproached.0, which is reachedvhenl; = 2l,. The parameter is usedto
modelthestiffnessof the muscle:the higherthevalue,the moredoesthe muscle ber
respondto the stretchingstress. In practice,| use = 4. Now the interpolationis
performedto displacethe controlpoints:

a° i@ w)+ tw:

In this formulation, musclecontractioncounteractsstretching,sincel. becomes
smallerfor a shortenedcontrol polygon. A contractingmusclewill thusstill closely
follow thepathprescribedy its controlpolygon,while muscleghatstretcharestraight-
enedout.
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Figure 7.10: Relaxed (left) andcontractedright) muscles:a single ber (top) anda
sphincter(bottom)modelingtheorbicularis oris

7.3.4 Updating Muscle Geometry: Bulging and Thinning

With the previous steps,the muscle ber control polygonshave assumedheir nal
form for the currentanimationframe. The last stepin deformationof the muscles
modi es the sgmentgeometryto simulatebulging andthinning. Real musclesget
thicker on contractionand thinneron elongation;simulatingthis behaior enhances
visual realism: whenthe face smiles,the lips retractslightly asthey stretch. Onthe
otherhand,the lips getallittle thicker, whenthe mouthformsan*“o” or akiss. For a
linearmuscle its centershouldexhibit thehighestbulge, correspondingo the belly of
arealmuscle.Sphincteronthe otherhandbulgeevenly in my model.
Bulging is achiered by scalingthe heightof eachmusclesegmentq; qi=1 by a
bulgefactorb computedrom thechangein musclelength:
P !
b:=1+ 1 PiNzllkqi gi 1k
iz kpi  pi 1k

Choosing = 5 asareasonablealue,a musclethat shortendo 75% of its original

lengthis scaledn heightby b= 2:25. In contrastjf the muscleis stretchedo 125%,
thescalefactorisb= 0:25, thinningthe muscleby 1=4 of its height. For asphincter
muscle bis directly usedin this mannerto scalethe up axis of all sgments.

For eachlinear musclewith at leastthreeseggments,the bulge is modulatedper
segmentwith a simplequadraticfunctionthatvanishesver the rst andlastsegment
andhasamaximumvalueof 1.0overthecentralsegment.In thiscasethepersegment
bulgefactorb is computedas

PN o1 e - 2#
h = 1+ 1 = iN=11kqi di 1k 1 L 1
iz kpi  pi 1k N 2

Figure7.10illustratesthe effect of this simpleheuristicfor sphincterandlinear mus-
cles.
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Figure 7.11: Updateof attachedspring nodeson musclecontraction. Masspoints
moving dueto the contractionaremarkedby . SeealsoFigure6.4in Chapter®.

7.3.5 Updating Attached Spring Nodes

Themovementanddeformatiorof the ber segmentss usedo build anew localframe
for eachsegment. To this end, the frame associatedvith the original line segment
Pi pi+1 is transformedto the new sggmentq; Gi+1 usingan afne transformation,
incorporatingtranslationyotation,andscaling. Thetranslationvectort; is simply the
offsetbetweertheold andthe new centerof the segment:

1 1
tj = E(Qi + Qi+1) E(Ioi + Pis1):
Therotationalpartis thesmallesrotationthatalignsv; = pj+1  pi tow; = Qgij+1  Q;:

a = Vi Wi,

— Vi Wi .

= 8008 UK kwik
wherea; is the axis of rotation,and its angle. Finally, the new frameis scaledto
the length of g gi=1 andthe heightthat resultedfrom the bulging step. This new
segmenttransformatioris now appliedto the attachmenpointsstoredin frame-local
coordinategvith eachsggment. The resultingworld spacedisplacemenof eachnode
is appliedto its mirror node(seeFigure7.11andSection6.4). As a simpleoverrelax-
ationschemethedisplacemenis alsoappliedto the nodeonthe skin surface situated
betweenthe springattachingto the musclesurfaceandits mirror. This movementis
usually too violent, sincethe skin doestypically not follow the musclecontraction
completely Butasa rst estimatejt helpsto speedupthe corvergenceof the simula-
tion, whichis run for onetime stepafterthe springmeshnodeshave beenupdatedas
describechere(seeChapters).

Only for visualizationof the muscle the ber segmenttransformatioris alsoap-

plied to the associatedegmentshape.Normally, the shapétself doesnot needto be
updatedduringanimation.

7.4 Building Muscles from Geometry

The previous sectionsdiscussechow virtual musclesare representeénd deformed
duringanimation.lt is in principle possibleto manuallyput togethemusclesby lay-
ing down control polygonsandspecifyingsegmentshapesFor ary practicalsystem,
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Figure7.12: A simplegrid (left, zygomaticusnajor) anda non-uniformcomple grid
(right, orbicularisoris).

though,the constructionof musclesmustbe aidedby the computer In this section,
| describea methodthat allows automaticconstructionof a setof musclesbasedon
givenfacialgeometryfor instanceahumanheadmodelcreatedrom rangescandata.
Sincethemuscleof thefacelie closelyunderneatthe skinandhave agreatin uence

on the shapeof the surface|t is possibleto derive the shapeof the musclesfrom the
surfacegeometry This approachs usedto interactively sketchmusclesascoarseout-
linesontoa polygonalheadmodel,describedn Section7.5. This interactive method
hasto be usedonly for theinitial designof the musclestructureon thereferencehead
model (seeSection5.1). Whenthe referencemodelis adaptedasa whole to given
targetgeometrythe muscleoutlinesareautomaticallyadaptedvithout furtheruserin-

ternvention. The actualmuscleshapes alwaysconstructedrom theseoutlinesby the
algorithmexplainedin thefollowing.

7.4.1 Muscle Shaping Overvie w

The outlineis de ned on the facial geometryand canbe of arbitrarydetail, from the
minimumof aquadrilateralipto highly comple grids,asshovnin Figure7.12.Given
the skin meshandsucha musclegrid, an optimizationproceduredetermineghe fol-
lowing parameterseededo createthe muscles:

the numberof muscle bers;

the numberof sggmentsper ber;

width, height,andlengthof eachsegment;
positionof each ber controlpoint;

alignmentof eachsggmentshapecoordinatesystem.

The skin thickness $, assumedo be constanbver the wholeface,andthe minimum

andmaximummusclelayerthickness T and [, aregivenasadditionalinput pa-

rametergo the optimizationstep. Theseparameterglependntheindividualanatomy
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of the modelandhave to be adjustedby the user For the referenceneadmodel, for
instancethevalues = 2mm, = = 2mm, T = 6 mmhave beenchosen.

In the optimization step, the muscleis built to t underneattthe skin surface,
within a prescribeddistancerange. The processs also guidedby the resolutionof
the skin mesh:too highly re ned musclegust addto the computationaload during
animationwithoutenhancingnimationquality, while muscleghataretoo coarsemay
not be following the surfaceclosely enoughto resultin realistic deformations. A

muscleis createdrom its grid by afour-stepprocedure:

1. Grid initialization: The initial outline is corvertedinto a regular grid, i.e., all
rows are assignedhe samenumberof grid points. The grid points are then
projectedontothe facemeshandplacedslightly underneatthe skin surface.

2.Grid re nement: Thegrid is adaptvely re ned until a satisfactoryapproxima-
tionis found.

3. Muscle creation: Muscle bers arecreatedandalignedto there ned grid.

4. Muscle attachment: Themuscleis attachedo the springmesh,andthe control
pointsof the musclesggmentsareattachedo eithertheskull or the jaw.

Thesestepsaredetailedin thefollowing Sections7.4.2t0 7.4.5.

7.4.2 Grid Initialization

To obtaina regular grid, rst the maximumnumberN nax Of grid points per row is
determinedThen,additionalgrid pointsareinsertedoy linearinterpolationinto every
row thatcontaindessthanN o« points. This is followed by estimationof normalsat
thegrid points. For the variety of possiblegrid layouts,| obtainedbestresultsby rst
computingthe normal of the balancingplanethroughthe four cornerpointsof each
grid cell andthenaveragingthe normalsof all adjacentellsat eachgrid point.
Having computedhegrid point normals the trianglesof thefacemeshthatinter-

sectthe projectionof the grid onto the skin surfaceare found and cachedfor fast
lookup during the iterative re nement procedure. The initial grid points are now
displacedalongtheir normaldirectionto lie below the skin in an initial distanceof

S+ (Mo +  Ta0=4, i.e., atthe centerof a muscleof averagethicknessrunning
throughthecell.

7.4.3 Grid Re nement

The tting algorithm proceeddy samplingthe distancedrom eachcell to the skin

surface.Eachcell is examinedand subdvidedif necessaryThegrid pointsarethen

againdisplacedo lie within the prescribedlistancerangebelow the surface.Simul-

taneouslythe cell thicknesss adjustedwithin thebounds . and [, This process
is repeateduntil no moresubdvisionsarenecessaryr the cells becometo small for

furtherre nement. Themainloop of this iterationis organizedasfollows:
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repeat
for each grid cell c

( dmin, Omaxs Pnear » Pfar ) =
minMaxDistance sToMesh ( ¢);

(€near s €ar ) =
minMaxError(  dmin , dmax, S, M, M)
if (€wear == 0 and ey == 0)
cthickness = 2(dmin- 9)

else if (&ar > €near)
trySubdivisi onAt Poi nt( c, Pfar );
else
trySubdivisi onAt Poi nt( C, Pnear );
moveNewGridP oin ts() ;
untii  no more changes to grid.

TheproceduraninMaxDistan cesT oMesh() returnsthetwo pointspneasPiar
thatare projectionsof meshpointsnearesto andfarthestaway from thecell. To nd
thesepoints, the grid cell is adaptiely subsampledanda ray from eachsamplepo-
sition is shotin the directionof the associatedrid normalvector which is bilinearly
interpolatedfrom the cell corners. The basepoints of the rayswith the nearesand
farthestintersectiorpointswith the cachedsurfaceareaarereturnedaspnearandpiar
alongwith their signeddistancevaluesdmin, anddmax. Both pointscanbe positioned
below (positive distancevalue) or above the skin surface(negative value), seeFig-
ure7.13. The samplingdensityover thegrid cell adjuststo the sizeof the cell andthe
numberof cachedrianglesto ensurea minimumnumberof samplegertriangle.

In procedureminMaxError() , two distanceerrorvaluese,earandes,r arecom-

GO

Figure7.13: Re nementstepfor asinglegrid cell (simpli ed two-dimensionaView).
Top: Pointsof grid G have beenplacedbelow the skinmeshM alongtheir associated
normals.The closestpoint of thegrid cell lies above, the farthestpoint lies below the
skin mesh.Bottom: G hasbeensubdiidedat the point of larger error ppear (Se€also
Figure7.14).
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Pnear (Enear> 0)
°

Prar (efar = O)

Figure7.14: Therangeof thicknessor muscleshapesBelow the skin layer of con-
stantthickness ° musclescanbe insertedwith a thicknessin therange[ Ti.; Mad-
Error valuesfor two exemplarypointsare shonvn: pnear is outsidethe allowed range
for musclesggmentsandshouldbemoveddownwards(€near> 0). ptar is within range
andneednotbemoved (&5 = 0).

putedfor the points pnear and prar, respectiely. The valuesrepresenthe unsigned
distanceghat phearandpisar Would have to be pushedalongtheir grid normalto move
theminto theallowedrangeof distanceg *+ [Ti.; S+ /] below theskinsurface
(seeFigure7.14). A zerovaluemeanshatthe pointis alreadyin this range. Subdi-
vision of a cell is performedwhen eeq; OF €4 have non-zerovalues,i.e., a point of
the cell is too closeto or too far away from the skin. Also, if jdmax  dminj > 1
the distancefrom the cell to the skin variesso widely over the cell areathat thereis
enoughvertical spacdor insertionof athin musclepatch.In this case(€neas; €ar) are

setto (jdminj; jdmax ), causinga subdiision of thecell in the next step.

The procedurdrySubdivision AtPoint( ) is calledwith the sampleposi-
tion correspondingo the pointwith thelargererror. A new row and/orcolumnthrough
thatpositionis insertednto thegrid. Beforesubdviding a cell alongoneof its dimen-
sions, | comparethe sizesof the resulting sub-cellswith the averageextent of the
cachedrianglesin thatdirection.If the sub-cellon onesideof thedivision line would
becometoo small, the insertionpointis adjustedo makeit bigger, thusreducingthe
sizeof the othersub-cell. If the cell is alreadytoo smallto allow for adjustmentno
furthersubdvision alongthis directionis performed.Thesecriteriaeffectively ensure
that no very small cells are createcthat are not sampleddenselyenoughfor making
distancemeasurements.

Finally, in moveNewGridPoin ts( ) thegrid pointsinsertedby subdvisionare
projectedonto the surfacemeshandpositionedat a distanceof S+ ( I+ 1.)=2
underneatfthe skin.

7.4.4 Muscle Creation

After agrid hasbeenre ned sufciently, a sheetof muscle bers is built. Onemus-
cle ber is insertedlongitudinaly into eachstripe of grid cells, creatingone muscle
segmentpercell. Thesizeof eachsegmentshapds scaledto Il thesurroundingeell.
Whenellipsoidsareused their width andlengthis slightly enlagedto provide some
overlapacrosscell boundariesFigure7.15shows the creationof a sheetmusclefrom
asimplegrid with ellipsoid segmentgeometries.
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Figure 7.15: Sideandtop view of a coarse(black) andre ned (green)grid andthe
musclecreatedromit.

7.4.5 Attaching Muscles to the Skull

To nd outif amusclecontrolpointshouldmove alongwith thejaw (seeSection7.3),
raysaresentfrom thegrid pointsoutwardsalongtheirnormals throughtheskinmesh.
Theattachmenof the closestskin vertex in the hit triangleis examined.If the major
ity of pointsin a grid row is closestto jaw-attachedskin vertices,the corresponding
muscleattachmentsvill alsobe attachedo the jaw. Not all regionsof the facehave
bonesunderneathfor instancethe lips andthe cheeks.Skin verticesin theseregions
arethusnot attachedo the bonestructure.To decideaboutthe muscleattachmentn
thesecasesthetopologicalneighborhoof the skin meshis iteratively grown around
the intersectionpoint until a bone-attachedkin nodeis found. Usingthis technique,
theupperpartof theorbicularisorisis properlyassignedo theimmaovableskull, while
thelower partis attachedo the jaw.

7.4.6 Attaching Muscles to the Skin

Muscleshave to be connectedo the springmesh,so that contractionwill in uence
nearbyskin vertices.Theverticeswithin a speci edradiusof in uence from themus-
cle bers areconsideredascandidatesor muscleattachmentfor eachof theseskin
nodesthe closespointonthe surfaceof themusclesheetis computedanda springis
inserted connectinghe skin nodewith thatpoint. An additionalspringis createdoy
mirroring theattachmenpoint at the skin node.

Therearespecialcasesvherethedistance-basecbmputatiorof attachmenpoints
is not sufcient. For instancewhenthefacemeshhasa closedmouth,verticesalong
the cut separatinghe upperandlower lip will have almost—ifnot exactly—thesame
coordinates. Theseverticesmay thus be attachedo the musclesaroundthe upper
andlower lips in anondeterministiavay. Thiswill likely causeheupperlip to move
alongwith thelowerorbicularisorisandvice versa.To solve this problem thedistance
valueof eachskinnodeis weightedwith thedotproductng nq, whereng is thesurface
normalat the skin vertex, andngq is the normalizedvectorpointing from the potential
attachmenpointto thatvertex. Therebymuscleseggmentghatlie directly below askin
vertex arefavored.



7.5. INTERACTIVE MUSCLE EDITING

75

Bl Muscie Editor e
Eile Options Simulation View Edit

B Ediit Muscles X 4"

Select a muscle

2ygomatic major | H

Add muscle
Delete muscle
Edit muscle
Rename muscle
Mirror muscle

Close

Reading face from o fles/maria.int... done
Reading muscle data from tfiles/mario_|ower_face i done

3246 s, fime: 7.7524413; step: 0.0008 in 0 updates; 18.70 s 7

Figure7.16: Visualinformationwhile interactively editinga muscle. Themusclegrid
of the currently editedmuscle(yellow); the skin verticesin uenced by this muscle
(greendots); musclecontrol points attachedo the jaw (white dots); meiged muscle
segments(connectedy greenlines).

7.5 Interactive Muscle Editing

Beforea musclecanbe built from an outline on the face mesh this outline hasto be
createdrst. For editing musclegrids and controlling the resultingmusclelayout, |
have developedan interactive muscleeditor, depictedin Figure7.16. The essential
featuresf the muscleeditorare:

Load facemesh: The rst stepis loadingatrianglemeshinto the editor.

Add linear muscle: A muscleis laid out by specifyingatleastfour grid points,start-
ing from the x ed end (attachedto bone), and continuingrow by row. The
musclegrid is re ned automaticallyto t the geometryandthe muscleis in-
serted,alsoconnectingt to otherexisting musclesit intersects.The muscleis
thenfully functionalfor immediatetestingandre-editing.

Add sphincter muscle: Sphinctermusclesare createdin much the samefashion.
Thereis no x ed end here, so the control point speci cation can start at ei-
ther end of the muscle. In additionto the control points, the centralaxis for
contractiomeeddo bespeci ed. Theinitial centerpointof the axisis found by
simply clicking on a point on the meshnearthe desiredcontractioncenter The
normalto the averageplanethroughthe musclecontrolpointsis usedasthe axis
direction. The generatedxisendpointscanbere-editedfor preciseplacement.

Deletemuscle: A musclecanbe remaoved completely This requiresrecomputation
of the springmeshattachmentandtheinter-muscleconnections.
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Edit control points: The controlpointsof a muscleandthe endpointsof the central
axisof asphinctercanbe movedaroundarbitrarily for corrections.

Namemuscle: For identi cation by the systemeachmuscleneedsto have a unique
name.

Flip muscle: This reversesmuscledirection,in case x ed andfree endshave been
confusedy the userduringmusclecreation.

Mirr or muscle: The musclegrid is mirroredaboutthex = 0 plane,andanev mus-
cleis created.This is a corvenientshortcutfor musclecreation,exploiting the
symmetryof mostheadmodels.Thisway, only onehalf of themusclesetneeds
to be speci ed.

Re ne grid: Thecontrolgrid canbere ned alongits rows and/ or columnsto create
morecontrol points. This givesmorefreedomover the grid layoutwithout the
needto recreatehewhole musclefrom scratch.

Save/ load muscles: Whenstoringthe musclelayoutinto a le, thecoarsegrid lay-
out is storedtogetherwith the skin vertex indicesthat attachto eachmuscle.
Keepingthe vertex informationspeedaip andstabilizesthe restorationof skin
connectionsit is madesurethata barelyattachedvertex doesnotloseits con-
nectionto a muscledueto limitations of numericalmachineprecision,for in-
stancewhenloadingthe faceon anothercomputer

Thespeedf themuscleconstructiorandinsertionalgorithmsis essentiafor inter-
active work: whenmuscleshapesndconnectionghangedueto aneditingoperation,
theresultisimmediatelyshavn in the editor. In additionto amuscles shapejnforma-
tion aboutthein uenced meshvertices,connectionso othermusclesandattachment
of musclego skull or jaw aredisplayedasshown in Figure7.16.

7.6 Example: A Set of Human Facial Muscles

Usingthe musclemodelandeditingmethodsdescribedn this chapter| have created
a setof the 24 major musclesin the humanface responsiblégor facial expressions.
The layout was createdon the referenceheadgeometry Figure 7.17 illustratesthe
completeset. Table7.1 givesdetailsaboutthe musclerepresentation.

Theconstructiorof mostof thesemuscless straightforwardthe major exception
beingtheorbicularisoris. Thismuscleis extremely e xible andneedgo supportmary
differentmouthshapedor speecharticulation.As canbe seenin Figure7.7,it is thus
modeledas two partsrepresentinghe upperand lower lip, respectiely. The lower
lip partis attachedo the jaw, rotatingwith it whenthe mouth opens. Both halves
have their own axisof contractionthereforeallowing for independentontractiorand
protrusionsettings.

Themylohyoideuanuscleis specialin thatit wasinsertedonly to give themodel
structuralsupportin the areaunderneatthe chin. Sincethereis no bonein this area,
the skin would be only loosely apping whenthe mouthis opened.It wasnot neces-
sary though,to build a completeplatysmafor this purpose.
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Figure7.17: The muscleseton the referenceheadmodel, front andsideviews. The
annotatechumberscorrespondo Table7.1.

To getanestimateof the performancef the muscledeformationalgorithmsin the
facialanimationsystem| have takenmeasurementsom ananimationthatmadeuse
of all muscles playing backat 50 fps ona 1.7 GHz Xeon CPU. The animationran
for atotal of 5489 frames,causing18573muscledeformations.Figure 7.21 shovs
the different partsof the muscleupdateprocessin relationto the total frametime.
As canbe seen,the muscleupdateconsumesonly about17% of the total available
computatiortime atthis updaterate.

7.7 Discussion

The musclemodelpresentedn this chapterextendscurrentapproachesnostnotably
LEE's piecaviselinearmodel. Themajoradwancedie in themoreelaborateand e x-
ible musclegeometry the possibility to connectmusclesto eachother andthe in-
creasede xibility in sphinctermusclecontraction. All of theseadditionalfeatures
have animpactontothevisualappearancef the facemodel.

The geometryof the musclesdetermineghe attachmentgo the skin layer, and
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index
1,2

3,4
5,6
12,13
17,18
19,20
14
15,16

10,11

index
21,22

23,24

name

corrugator
superecilii
zygomaticus
major
risorius

levatorlabii

occipitofrontalis
(inner)
occipitofrontalis
(outer)
mylohyoideus

guadratudabii
mentalis
triangularis

name

orbicularisoculi
parsorbitalis
orbicularisoculi
parspalpebralis
orbicularisoris
(upperlip)
orbicularisoris
(lowerlip)

Linear muscles
description

causesvrinkling of

eyebrovs
lifts mouthangles

pulls mouthangles
horizontally

lifts lateralpartof upper
li

IifF:s innerpartof
eyebrovs

lifts outerpartof
eyebrovs
structuralsupportfor
chin

pulls down lower lip
pulls chinupwards
pulls mouthangles
downwards

Sphincter muscles
description
pulls down eyebravs

lifts lowereyelids

closesnouth,speech
articulation
closesnouth,speech
articulation

att.

n

conn.

17,21
18;22

1;21
2;22
21
22

conn.

1;17;19
2:18;20

35,712
4:6;13
8;10;15
11;16

o 01 o B

#p
14

18
55

21

N Wb ~

#f

#s

12

10

0 N o]

#s
10

11

Table7.1: Detailsof themusclerepresentatioin theexamplesetshovnin Figure7.17.

Theindex columnrefersto that gure. Therightmost ve columnsare:

att.: muscleattachmentj for jaw, or sfor skull

conn.: connectionsindicesof meigedmuscle(spnleft / right facehalves

#p: numberof pointson control grids (excluding axis pointsfor sphincters)

#f: thenumberof muscle bers afterconstructiorfrom theinitial grid

#s: theresultingnumberof controlpointsper ber afterconstruction
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Figure7.18: Bulging cheekduringasmile

in uencesskin deformationwhenthe muscleis contractedor stretched.The bulging
heuristicsusedin the currentimplementatiorare very simple, but effective. It would
be interestingto investigateotherheuristics for instance preservingmusclevolume
[SPCM97 WV9I7]. | have experimentedwith usingmusclebulging to simulatethe
effect of fat cushionsin the face,for instance,on the cheeks:during a smile, there
is a considerabléuildup of tissuedueto the contractionof the zygomaticusmajor.
This canbereproducegartially with bulging, asillustratedin Figure7.18. Still, while
the skin clearly bulgesout whenthe muscleis contractedthis effect shouldbe much
stronger To this end, it would be necessaryo representhe fat padsunderneattihe
skinin thatareaeitherimplicitly throughanothetheuristicsbuilt into themusclemodel
or asindependentleformablecomponents.
Themuscleconnectiorconstraintdhave shovn to beimportantfor animationper

tainingto themouth. Figure7.19demonstratelsow theupperlip partof theorbicularis
orisis raisedwhenthezygomaticusnajormusclegaisethecornersof thelip toforma

Figure7.19: Connectednusclesn uencing eachotherduringasmile. Theorbicularis
orisis pulled up by the zygomaticuamnajor muscles causingthe musclesattachedo
the mouthanglesto stretch.
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Figure7.20: Visemegely heaily onthe e xibility of the orbicularisoris model. Left
toright: /f/, /i, /ul. Notehow upperandlowerlip move independenthandareableto
notonly contractbut alsoprotrudeor retract.

smile. As themouthopensthemouthanglesarerestrainedy the connectedipperlip
parts,leadingto elongationandstraighteningf the triangularismuscles. This results
in arealisticindentationeffect on both sidesof the chin.

The two-part constructionof the orbicularis oris muscleis essentiaffor proper
modeling of visemes,making speechanimationmuch more realistic. Figure 7.20
shows afew examplesfor visemes.

Updatingthewhole musclecon gurationis fastenoughfor areal-timeanimation
system. While the computationtime per frame is not negligible, as shown in Fig-
ure7.21,it poseso bottleneck. Thedominantpartis the dynamicsimulationusedfor
maintainingmuscleconnectvity, which | nonethelesfoundindispensabléo achieve
plausibleintermuscledeformations.

Dueto the automaticgeneratiorof musclegeometryfrom coarselayouts,a mus-
cle canbe automaticallyrekuilt from the grid for mary differentheadmodels. This
notonly simpli es interactive muscleconstructionput alsomakest easyto adapthe

2.861419 0.013489

0.00001
0.21824 .

0.230944

[ average time for
deformation due to
muscle contraction

M Resolution of
connection
constraints

["] Update of muscle
frame geometry

[] Update of attached
spring mesh nodes

M Estimation of skin
surface node
positions

] Remaining time per
frame (at 50 fps)

16.6759

Figure 7.21: Timings for muscleupdates. The valuesare givenin ms, with a total
frametime of 20 ms.
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musclelayerto adeformedversionof thereferencenead,asdescribedn ChaptesB. In
generalthesimple tting algorithmproposecheredeliversgoodresults. The control
pointsin the originally speci ed grids are deliberatelynot changedy the algorithm
to maintaina certainlevel of usercontrol. This is mostly importantfor building the
constraingroupswhich connecinearbycontrolpointsof musclesDueto thisrestric-
tion on control point placementthelevel of re nementof the resultingmuscleshape
is sometimegjuite high, especiallyin non-uniform,highly curvedregionsof thefacial
meshsuchasthe mouthangles.Therecursve subdiisionis stoppedvhenthere ned
segmentsbecometoo small, which canleadto leaving the allowed skin-muscledis-
tancerange.Also, there nementmethoddoesnt considerthe actualseggmentshape,
whichbecomesnoreapparentvith the useof ellipsoidalshapeshanwith box shapes:
a cunedregion of the meshcould be approximatedvith a singleellipsoid, insteadof
subdviding themuscleinto mary smallsegments.

Theinteractive muscleeditingtool hasbeentestedon humanandnon-humarhead
modelsobtainedirom rangescangseealsoFigure10.1in Chapterl0). A humanface
musclesethasbeendesignedwith the editor on the referenceheadmodelbasedon
anatomicalllustrationsof the facial musculature Experimentatiorwasnecessaryo
nd outwhichmusclesareessentiato achieve full-rangeexpressvenes®f theface. A
fair amountof ne tuninghadto be performedto getsatisfactorymuscleconnections
andin uence on meshverticeswithout undesirableartifacts. For instance attaching
musclesto the verticesof a coarsetriangle meshcanbe a delicatetask, becauseghe
attachmenis basednastrictdistanceahresholdo the musclesurface Editingamus-
cle caneasilyleadto smallchange®f the musclesurfacethat changeheattachments
unintentionally Even a single vertex that hasnot beenproperly attachedcan have
drasticeffects on the animation. The visual feedbackgivenin the editor hasshovn
to bevery importantandhelpful here. Updatingthe muscleshapesfter changingthe
layouttypically takesonly a fraction of a secondthusallowing interactive re-editing
of the musclelayout with immediatefeedbackon the resultingmuscleshapeand at-
tachments.In summary the editor simpli es the processof creatinga setof facial
musclesandgivesgreat e xibility to modeldifferentanatomicapatterns.Dueto the
compleity of the resultingmusclenetwork,the nal tweaksstill requirea consider
ableamountof time. It is thushighly desirableto have a musclelayoutautomatically
transferredo new modelswhichis shovn in Chapter8.






CHAPTER 8

Making New Faces

Godhathgivenyouoneface,andyoumakeyourselvesnother
—Wlliam Shakespear

I n theprecedingchapterd have describedhe structureof the virtual headmodeland
how it is animated. During constructionof the model, a variety of interactive tools
are employed,both commercialand self-written. From the preparationof the head
geometryto thelayoutof the musclesasizableamountof interactive work is required.
For a systenthatstrivesto beusefulin practice thisworkloadmustbereduced Since
humanheadmodelssharethebasicgeometriaccharacteristicandanatomicaktructure,
it is in fact possibleto derive nev modelsfrom one prototypein a largely automated
fashion.

In this chaptey | proposetechniqueghatachieve this goal by deformationof all
partsof an existing structuredheadmodel, adaptingit to individual target geometry
The deformationis speci ed by a smallnumberof landmarkgfeaturepoints)de ned
ontheskin andskull layersof themodel. By changingthelocationof thefeaturesand
the relationsbetweenthem, the geometryof skin, musclesandskull canbe e xibly
edited. Theapproachs notrestrictedto humanheadsput easilycarriesover to other
virtual creaturessuchasreal or fantasyanimals,aslong asthey canbe modeledby
anatomicameanswith askull, musclesandskin. The structuredmodelsfor the vari-
ety of humanfacesappearingn this dissertatiorwerecreatedusingthesetechniques.

Thevariability in the shape®f thehumanheadandfaceis traditionally studiedin
the eld of anthropometryTheliteratureis rich with insightsaboutthe differencesn
facial proportionsamongand betweervarioushumanpopulations.Extensve statisti-
cal datathathasbeencollectedoverthe courseof decadess putto usein themethods
presentedn this chapter

In the following section,| give a review of existing work on adaptatiorof virtual
headmodels beforemoving onto abrief introductionto anthropometrandtherelated

eld of morphometricsThe structuralheaddeformationtechniqueitself is presented
in Section8.3. The usefulnes®f the methodis illustratedthereaftetby a numberof
applicationsgn Sections8.4to 8.6, wherethe anthropometri&knowledgebuilt into the
techniquds putto use.Theseapplicationsare:

Creation of virtual headsfrom realfaces: Thereferencéheadmodelis deformedo
matchgeometryobtainedfor instancefrom arangescannerExtensveprepara-
tion of thescannedjeometryfor animationpurposeshusbecomesinnecessary
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Growth simulation: By rede ning the relationsbetweenandmarkson the skin ac-
cording to age-relatedstatistics,facial proportionsof a virtual head can be
changedresultingin a plausiblemodelof the samepersonat a differentage.

Facereconstruction: The structuraldeformationis usuallydriven by the target skin
geometry If insteadthe targetis a skull model, muscleandskin layerscanbe
createdon top usingstatisticaldata,resultingin ananimatabldace.

A discussiorof the overall approactconcludeghis chapter

8.1 Related Work on Head Deformation

Many facial modelingandanimationsystemamakeuseof a genericheadmodel(see
also Chapter3), which is often associatedvith a deformationmethodsuitedto the
respectie application. The approachesliscussedover the next paragraphsan be
dividedroughlyinto surface-base@ndvolume-basedeformations.

8.1.1 Surface-Based Deformation

The adaptatiorof a headmodelto scandatais performedin two dimensionsy WA-
TERS etal. [WT91] andLEE etal. [LTW95. Theverticesof a planarprojectionof the
genericheadmesharemovedin theplane aligningthemto facialfeaturesandincreas-
ing the densityof the meshin the morearticulatefaceareas.This methodis designed
speci cally for matchinga genericmeshto geometrythat is parameterizeaver the
plane,asis the casefor cylindrical rangescans.Facial muscleattachmentsirestored
relative to the genericmeshandcanthusbe adaptecautomaticallyasL EE pointsout.
A planarversionof the genericmeshhasto be generatedrom a three-dimensional
genericmesh rst, which canbe dif cult to impossible,dependingon the geometry
andtopologyof themesh.

The approachtakenby DECARLO et al. [DMS98] is basedon variationalmod-
eling [WW92], operatingdirectly on a B-spline surfacein three-dimensionaspace.
Variationsof a genericheadmodeltaggedwith landmarksare generatedy altering
severallinearandnon-linearconstraintghatareformulatedin termsof surfaceprop-
erties,for instanceJandmarkdistance®or tangentdirections. Most of the constraints
arenot directly applicableto polygonalgeometry The methoddoesnot includeary
structureinsidethe headmodel,thoughthe authorshave proposedhis for future ex-
tensionsof the method.Most notably, the techniqguedemonstratethe practicaluseof
anthropometriclatafor creatingnew headmodelswith realisticproportions.

8.1.2 Volume-Based Deformation

For transformatiorof a three-dimensionadtructurein spacejt seemsamoreappropri-
ateto de ne a deformationof a volumeratherthana surface.In SEDERBERG'S and
PERRY's free form deformation(FFD) approacha control lattice is usedto de ne a
mappingfrom undistortedto distortedspace[SP86]. Many variationsof the origi-
nal formulationexist, in particularto hide the control lattice from the user[HHK92,
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LWCS94. In facemodeling,ESCHER etal. [EPMT98] useDirichlet free form defor
mation (DFFD [MMT97]) for generatiorof customheadsfrom a genericpolygonal
modelby de ning new positionsfor facial featurepoints.

Volumemorphingusingradial basisfunctions(RBF) is anothemopulardeforma-
tion methodthathasbeenusedfor facialmodeling.PIGHIN etal. [PHL* 98] deforma
genericmeshsurfaceaccordingo featurepointsde ned onthe meshandcorrespond-
ing target points derived from a numberof photographs.For an accuratematchto
the pictures,the speci cation of morethana hundredfeaturepointsis consideredo
be necessaryNoH et al. [NNO1] adaptone face meshto anotherface meshfor the
purposeof transferringanimations.They notethatthe matchcomputedwith theradial
basisfunction methodis not asaccurateasdesirablevhenthe setof featurepointsis
sparseTheproblemis solvedin theirmethodby cylindrically projectingthedeformed
meshontothetametafter performingtheinitial RBF tting.

Deformationof a genericmodel including muscleshas beendemonstratedy
Aokl etal. [AHTNO1]. Adaptationto a tamget headmodelis performedby tting
the genericmodelin separatestageshy width, height,and depth,using simple geo-
metrictransformationsThe methodusesX-ray imagego capturefront andsideviews
of theheadstructurerelying on accuratelignmentof theheadwhentheseimagesare
taken.Musclesarerepresentedly line sgmentsconnectinghe skin andskull layers.
Neitherthe musclemodel,nor their handlingin the deformationof the genericmodel
is discussedh detail.

8.1.3 Summary

To concludethis small suney, existing headmodeldeformationmethodsdealmostly
with skin geometry not with underlyingstructure. The few approacheshatinclude
anatomicaktructuredo not shav the e xibility neededo handle for instanceyaria-
tionsin muscleor skinthickness.Still, it canbe seenthatvolumemaorphingis appro-
priatefor handlinga structuredmodelsincethe deformationfunction canbe applied
to the whole headvolume. Nearly all discussednethodsrely on the useof feature
points, which are speci ed either manually[DMS98, PHL* 98, EPMT98] or using
simpleheuristic§NNO1]. Themaintradeof liesin the sparsenessf thefeaturepoint
setversusprecisionof local deformation:a corveniently parsimoniousetof feature
pointsdoesnot allow detailchangesn thedeformedyeometry

Remarkablythe featurepointsusedin computergraphicsheadmodelingsystems
corresponatonceptuallyto thelandmarksusedin anthropometryor obtainingphysi-
calfacialmeasurement§ hus,adeformatiortechniquébasednappropriatelychosen
featurepointssuggestdself sincethis allowsthedirectuseof anthropometriclata.In
thefollowing, the eld of anthropometryn generalindthe useof facial landmarksn
particularis introduced.

8.2 Measurements & Statistics: Face Anthr opometr y

Anthropometryis a branchof medicalresearctihatdealswith measuringandanalyz-
ing absolutequantitiesand proportionsof the humanbody, including the head. Face
anthropometrjhasapplicationsn clinical practiceaswell asin other elds.
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Clinical diagnostics: The datacollectedfrom a populationof individualscanbe an-
alyzedto extracta normfor facial features.Comparisorwith patientdatacan
helpto indicatethe existenceof deformities possiblyleadingto discovery of an
illness.

Operation planning: If sizeandshapeof adeformityarequanti able, onecanmake
more exact statement&boutnecessargorrections.Dataaboutgrowth-related
changesn thefacehelpsto predicttheeffect of anoperationover severalyears.
For cosmeticsugery, somestudiesexaminethe aestheticandattractvenesof
humanfacesattemptingto nd generallyapplicablemeasuremen@ndpropor
tions. Questionabl@sthis maysometimeseemanthropometrieneasurements
still allow for acommonlanguageor exactdescriptionof facial shapeandpro-
portions.

Forensics: An importantareaof work for theforensicpathologists theidenti cation
of a crime victim from his remains,often merely a skeleton. Examinationof
anthropometrianeasurementen the skull helpsto nd out more aboutage,
se, andethnicorigin of a person. If a photographis available,a comparison
cancon rm or rejecta hypothesisof the victim's identity. Reconstructiorof
completefacesfrom a skull is alsomadepossiblethroughknowledgeaboutthe
relationof skin andskull. Policeforcesusearti cial agingof missingchildren
to increasethe chancesf nding themafter years: statisticalchangesiue to
growth are appliedto a picture of the child, approximatinghis or her current
look.

The Arts:  Anthropometricknowledgein uences the designof portraitsand sculp-
tures. This includesapplicationdn computergraphics,suchasautomaticgen-
erationof plausiblehumanheadgeometryusinganthropometriegneasurements
[DMS98].

Traditionally, facial measurementaretakenby a medicaldoctorusingan assort-
mentof measuringdevices suchasrulers, tapes,and goniometers. Somemeasure-
mentsare of a ratherqualitative nature,i.e., hardto de ne in numberssuchas“the
shapeof the faceis concae”. Thesejudgmentsdependto a large degreeon the ex-
perienceof the examiner For precisemeasurements standardizedetof landmarks
is de ned on the head. Landmarksare prominentfeaturepoints suchas “the tip of
thenose”,which canbefoundby visualexaminationor palpation.The subjects head
is typically alignedto a standardosition,the Frankforthorizontal oftenalsotermed
FH position With this alignment,the mostimportanttypesof measurementaredis-
tancesin the vertical, horizontal,and depthdimensions,as well as anglesbetween
threelandmarks. Figure 8.1 shaws a standardset of landmarkson the face,and a
typical measurementf the headsize.

8.2.1 Morphometrics

A branchof statisticsstudyingstatisticalmeasurementsf biological shapesasonly
recentlybecomea disciplinein its own right, namelymorphometrics Building on
multivariate statistics,the in uential work of BOOKSTEIN [Bo097a,Bo0978 com-
binesgeometry biology, and statisticsto a landmark-basedpproachfor analysisof
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Figure 8.1: From left to right: landmarkson a humanface, front and side views;
physicalmeasuremendf theanteriorheightof the head.Images:[Far94]

shapesaindshapedeformations.Landmarksjn this context, are point samplen the
surfaceof abiologicalshapeunderexamination.A measuref similarity betweertwo
relatedshapesanbeestablishedby looking atthetypeanddegreeof deformatiorthat
mapslandmarksde ned on one shapeto their counterpart®n the othershape.Such
similarity usuallyindicatesthat somebiological processhasmaovedthelandmarksor
deformedheshape.To describehis deformationacrosshe whole surfaceor volume,
insteadof only atthe samplepoints,a suitable,natural” deformationfunction hasto
be found. BOOKSTEIN proposeghin-platesplinesfor this purpose:the bendingen-
emgy of thesurfaceundegoingdeformationis minimized,whichis deemed plausible
modelfor biological shapechanges.

Book sTEIN alreadyforesav the importanceof computergeneratedanimations
in his work whenhe ervisionedhow maodi cations of biological shapesanbe per
formedandunderstoodn realtime onthescreenHis ndings motivatethe deforma-
tion methoddescribecdhere.

8.3 Landmark-Based Head Deformation

The thin-platespline basedapproachadvocatedby Book STEIN for two-dimensional
datacanbe easilytranslatedo the three-dimensionaetting[Boo97b]. This section
givesdetailson the practicalconstructiornf thedeformationfunctionfor asourceand

atarget setof landmarks.This mappingspeci esa sourceobjectspacedeformation
thatis usedto warpthe completeheadstructureto thetargetcon guration.

8.3.1 Setting up the Warp Function

The problemcan be statedas one of interpolation:letp; 2 R® andqg; 2 R%; i =

sourcelandmarkg, andtheq; correspondo thefeaturesonthetargethead(thetarget
landmarks. A functionf : R® 7! R® is neededhatmapsthep; totheq;:

gi = f(pi); i=1:::;N;
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andwhichis de ned onthevolumespannedy thelandmarkssothatthefunctioncan
beusedto deformall elementf theheadstructure.Suchamappingcanbeexpressed
by aradialbasisfunction,i.e., aweightedlinearcombinationof N basicfunctions ;

de ned by thesourcdandmarkpointsandanadditionalexplicit af ne transformation:

X
f(p) = Ci i(p) + Rp + t; (8.1)
i=1

wherep 2 R3is apointin thevolume,c; 2 R3 are(unknovn) weights,R 2 R® 3
addsrotation, skew, andscaling,andt 2 RS3 is a translationcomponent.Following
BOOKSTEIN, | simplyuse (p) := kp  pik,, whichminimizesbendingenegy for
thedeformationDuc77]. Theadditionalconstraints

XN XN
ci=0 and cipi=0
i=1 i=1

aregiventoremove af ne contributionsfromthebasicfunctionterm[PHL* 98 CBC' 01].
By settingup asystenof linearequationgelatingsourceandtargetlandmarkstheun-
knownsR ;t, andc; canbefoundsimultaneouslyThreematricesareconstructed:

B = q; :;:: gy 00 0 0' 2RIN* 3.
0 1
1i(py) it N(p)
P=B . K2rYM
ipn) it N(pN)
0 1
p; 1
Q = @: :X2RV*
py 1

Now alinearequationsystemof theform AX = B is setup with

P Q (N+4) (N +4).
ot o 2R :
X = ¢ :::cy R t' 2RN* 3

A

Thislinearsystemis solvedusingastandard_U decompositiomwith pivoting. A point
p 2 R3 cannow betransformedaccordingo Equation(8.1).

8.3.2 Deforming the Head Structure

Given a warp function de ned by landmarksplacedon the skin of the sourceand
target heads| apply this function in differentwaysto the individual componentof
the sourcemodel.

1. The skin meshis deformedby directapplicationof the functionto the vertices
of themesh(Figure8.2(a)).
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Figure8.2: Mappingthe headstructureto targetgeometry a) Warpingthe skin mesh:
sourceskin landmarksare mappeddirectly to target skin landmarks.b) Warpingthe
skull mesh: after mappingthe skin (step1), new skin/ skull offsetvectorsare com-
puted(step2); the vectorendpointsde ne sourceandtamgetskull landmarkpositions,
usedto setup a mappingfor the skull geometry(step3). c¢) Muscle warping: the
skin deformationis appliedto the musclegrids and the musclegeometryis reluilt
afterwards.

2. Thelandmarkson the skullmesharerelatedto their counterpart®n the skin by
an offset vectorfrom eachskull landmarkto the correspondingkin landmark
(Figure5.1(d)). Thedeformatiorfunctionfor the skull is obtainedoy displacing
the tamget skin landmarksalongthe negatedoffset vectors,resultingin the de-
sirednew skull landmarkpositions. The warp from the currentskull landmark
positionsto thesenew positionsis thenappliedto the verticesof the skull mesh
(Figure8.2(b)). In this approachadjustment®f local skin thicknessamountto
asimplechangeof scalefor the offsetvectors.

3. Musclesarespeci ed by their grid, paintedonto the skin. To transferthe mus-
clesto the new geometry| apply the deformationfunctionto the grid vertices
andre-computehe shape asdescribedn Section7.4 (Figure8.2(c)). This re-
build processalsoadds e xibility to adaptthe musclegeometryfor instanceto
changesn skinthickness.

4. Fortheotherfacial componentgyes,teeth,andtongue only positionandscale
canbe updatedautomatically dueto their representatiomsrigid piecesof ge-
ometry Some ne tuningis thusnecessaryo t themexactlyinto thedeformed
model. In principle,if the componentsrealsorepresente@smeshesthe de-
formationcanbeappliedto their vertices makingthis manualstepunnecessary

8.4 Application 1: Head Models from Range Scans

A primarytaskin facialmodelingis thereproductiorof head=f realindividuals.One
way to acquirethe geometryof a persons headis to usea rangescanningdevice. In
practice though.,it turnsoutthatthereareanumberof obstacle$o usingthisgeometry
directly for ananimatablenodel:

The rangedatais often noisy and incomplete,especiallyfor structuredlight
scannersjueto projector/ camerashadaving effectsor badre ective properties
of the surface. Hair-coveredregions, for instance,are problematicfor some
scannersThis oftenrequiresextensie post-processingf themesh.
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Thegeometryis heavily oversampleddirectconversionto atrianglemeshreg-
ularly yields hundredsof thousand®f polygons. For real-timephysics-based
animation,the compleity needsto be reducedby several ordersof magnitude
to aboutoneto ve thousandpolygons. Available meshsimpli cation tech-
niques[CMS98] unfortunatelydon't give enoughcontrol over the meshcon-
nectvity to generatesatisfyinglyanimatablenodels. Edgesmustbe alignedto
facial featuresandthe meshstructureshouldre ect the basicsymmetryof the
face.Also, at areasn thescannedyeometrycannotblindly besimpli ed: they
don't necessarilyemain at in animation,requiringhigherlocal meshresolu-
tion for properdeformation.

Somerelevantpartscannotbe scannedsuchastheinnerpartof thelips.

To avoid theseproblemsagenericheadmodelcanbeadaptedo scannedargetgeom-
etry. | employthelandmark-basedeformationapproacho createa fully animatable,
individual modelfrom a referenceheadmodel and a rangescan. No parameteriza-
tion of the scandataor the referenceheadmeshis needed.The methodis thusnot
restrictedto scandrom cylindrical rangescannergLTW95], but candirectly process
datafrom arbitrarysourcesConcerninghis, thereareno restrictionson thetopology
of the meshes.As a side effect of the procedurethe resultingtarget modelis also
taggedwith a completesetof anthropometridandmarkswhich canbe directly used
for furtherdeformationsasdemonstrateth Section8.5.

8.4.1 Adaptation Process Overvie w

An individual headmodelis createdfrom rangescansof its real-world counterpart.
The modelsdepictedin this dissertationfor instance were createdwith a structured
light scannerUsing the associatedoftwarepackagea high resolutiontrianglemesh
representingheskin geometrywasgeneratedrom eachdataset.No further x essuch
ashole lling needto beappliedto the scans.This high resolutionmeshis calledthe
targetgeometnM in thefollowing, while thereferencénead(includingthestructural
componentsis referredto asthesouicegeometryM — thesourcegeometryneedgo
bedeformedo conformto thetarget. The proceduras asfollows (seealsoFigure8.3):

1. M istaggedwith asetof landmarkd. correspondingo thesetL de nedon
M . Thisis aninteractive procedure.

2. A deformationis computedbasedon thelandmarkcorrespondenceandM is
warpedaccordingly

3. L andL areautomaticallyre ned to generatenorecorrespondences.

4. The component®f the referenceheadmodel,i.e., skull and muscles,are de-
formedto matchM usingthe samedeformation.

5. Repeafrom Step2 until corvergence.
6. Muscleshapesrereluilt.

7. Theskull is warpedoncemoreto nally adjustthe skull / skin relationship,as
describedn Section8.3.2.
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Figure8.3: Adaptationof the referencemeshto scandatausingfeaturemeshre ne-
ment. a) Initial defective tagetmeshM  from rangescanswith landmarksadded,;
b) sourcemeshM andmuscleoutlinesafter rst deformation;c) landmarksontamget
geometryafterthreere nements;d) deformedsourcemeshafterthreere nementsand
warps;e) nal meshgeometrywith adaptedskull andmuscles.
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In Step4 of there nementloop, theskull is deformedusingtheskinmeshdeformation
to keepthe relation betweenskin and skull within the accurag determinedby the
currentdensityof thelandmarksetsL andL . Only in Step7, thegiventargetskull /
skindistancds enforcedatthe sparsdocationswherelandmarkson skinandskull are
paired.

Thespeci cationof thelandmarkd. andthelandmarksetre nementprocedures
arediscussedh detailin Sections3.4.2and8.4.3.

8.4.2 Specifying Landmarks

Only asparsesetof landmarksneeddo be speci edonthetargetgeometryM . Due

to the automaticre nement, facefeaturesdo not needto be laboriouslytracedusing
densecorrespondences featurelines[PHL* 98]. Sincethelandmarksaretakenfrom

the standardsetdescribedn the anthropometriditerature,they arewell-de ned and
easyto identify. To further easethe repeategoint-and-clicktaskof landmarkplace-
ment, | againmakeuseof the deformationfunction: giventhreeor morelandmarks
speci ed manually a mappingcanalreadybe setup from the sourcesetof landmarks
L tothetargetsetL . All landmarksarethencopiedandwarpedfrom L usingthis

function, resultingin a roughapproximationof the desiredandmarkdistribution, as
shown in Figure8.4. Throughmanualinspectionandcorrectionmorelandmarksare
repositionedand x edin their nal targetpositions.The procescanbe iterateduntil

all landmarksin L have assumedheir intendedpositions. This simple methodhas
shown to be particularlyhelpfulin caseswvherethe scandatais lackingalot of shape
information, sincethe copiedlandmarkswill alreadybe positionedin a meaningful
way in space.

Figure8.4: Interactve speci cationof landmarks.Left: A few landmarkgcyan)are
speci ed manually Right: All otherlandmarkggreen)arecopiedfrom thereference
modelusingthewarpsetup by theinitial landmarkset.

8.4.3 Adapting the Generic Mesh

After theinitial deformatiorbasedntheuserspeci edlandmarksM andM areal-
readyin goodcorrespondenceaeeFigure8.3(b). But, sincethe landmarkdistribution
is very sparsethe detailsin the facialgeometryof M areusuallynot well captured.
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M reference head mesh

M target head mesh

L landmark set on reference head
L landmark set on target head

M warp (L;L ;M) /l deformationfromL toL appliedto M
F feature _mesh(L) Il construcfeaturemeshes
F feature _mesh(L ) /I usinglandmarkpositions
repeat
(F ;B) subdivide (F ) /l subdvideF , storein B baryc.coords
/I of new verticesw.r.t. parenttriangles
(F ;D) project (F ;M ) /I projectfeatureverticesonto surfaceof
/I'M  andstoredisplacements D
L add landmarks (F ;L ) /I moretargetlandmarkgor
/I appropriatenew verticesin F
F subdiv _copy (F;B;D) // subdvide F usingB andD
(F;L) project (F;M) I projectfeaturevertices landmarksontoM
flip _edges (F) /I improve featuremeshsmoothness

flip _edges (F )

M warp (L;L ;M) /l warpusingnew landmarks
until convergence

Table8.1: There nementalgorithmfor landmarksetsonsourceandtargetgeometries;
seetext for detailedexplanation.

The usershouldnot be burdenedwith speci cation of hundredsof featurepoints, so
| have developedan automaticprocedurethatre nes the landmarksetsL andL to
achieve a bettermatch.Thealgorithmoutlineis showvn in Table8.1.

To beableto re ne the standardsetof landmarksautomaticallythelandmarksare
interpretedasthe verticesof a specialtriangle mesh,called the feature meshin the
following. Figure8.5 shaws the layoutof this meshfor the geometryof the reference
head.OnefeaturemeshF is constructedor M , andanotheroneF for M , using
thecurrenttandmarkpositions(sothey arein factidenticalafterthe rst deformation).
F is now re ned by uniform subdvision: oneverte is insertedinto eachtriangle,
splitting it into threenew triangles.This vertex is movedto thesurfaceof M, where
carehasto betakento nd a correctsamplingpositionon the surface,especiallyin
areasof poorscanquality. Often,thereis no partof the target surfacein the vicinity
of the new vertex. If thereis, a new landmarkis createdat the vertex position,and
addedto L . For eachsubdvidedtriangle,the re nementis encodedasthe barycen-
tric coordinateof the projectionof the new vertex onto the parenttriangle alongthe
trianglenormal. Thesecoordinatesrestoredin a setB, andthe correspondingcalar
displacementalongthe normalvectorare storedin anothersetD. Theright half of
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Figure8.5: Left: A featuremeshis constructedy connectingthe landmarkson the
headgeometryforming a trianglemesh. Right: Flipping edgesafter subdviding the
meshimproves surfacesmoothnessnew verticeson two neighboringsubdvidedtri-

anglesare connectedby the cyan edgepreviously connectingthe original triangles.
Rededgeshave alsobeenipped.

Figure8.6 outlinesthe subdiision andprojectionstepsfor onetriangleof M

Now, counterpartgor the newly createdandmarkaneedto befoundonM . Since
F andF havethe samestructure andthe geometriesarealreadyin goodalignment,
the samere nementis repeatedn F, usingthe informationfrom B andD. Each
new vertex in F is now closeto the sourcegeometry but usuallynot placedexactly
onthe surfacedueto differencesn facial detail. If thereis alandmarkfor this vertex
in L , thealgorithm nds the nearesintersectionalonga ray startingat the vertex,
correctsits positionandcreatesa landmarkat that point, addingit to L. Theleft half
of Figure8.6 shawvs how this stepis applied.

After all triangleshave beenre ned in thismannerall edgesn F andF fromthe
previousgeneratiorare ipped to improve the quality of the featuremeshsurfacesas
illustratedin Figure8.5. Thealgorithmdoesnotrely onthe smoothnessf thefeature
meshesput if the changein surfacenormalsbetweenadjacentrianglescanbe kept
smallduringre nement,thiswill improve thelocal samplingof the surface Also, the
trianglenormalsare Iltered onceby averagingwith their neighbors.

Using the two re ned versionsof L andL , a new deformationfunctionis con-
structed Applying it to thesourcemodelandto thecorrespondindeaturemestresults
in a betterapproximationof the target geometry The procedurds repeatedquickly
stabilizingthe deformedmeshto a good t of the targetgeometry In practice,after
only threeiterationsof the re nementprocedurehe geometrywill have adaptedpti-
mally. At this level of re nement,the precisionof the matchis alreadylimited by the
discretizatiorof the sourcemesh which is muchcoarsethanthe scandata.

Sincea triangle meshgeneratedlirectly from rangescandatais usedasthe tar-
get geometry thereare usually large areasof the headgeometrywherethereis no
data,ofteninterspersedvith smallspecksof samplegfor instanceat the backof the
head,seeFigure 8.3(a)). The re nementalgorithm s thus gearedtowards nding
thesesmall “islands of data”, while beingvery consenrative in acceptinga sampling
site on the geometryas a new landmarkposition. A wrongly placedlandmarkcan
causdarge distortionsin the deformedgeometryrenderingit unusableso heuristics
basedon surfacenormalsand landmark/ surfacedistanceare employedto nd and
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Figure8.6: Re ning correspondingrianglesin the source(left, light blue) andtar-

get(right, darkblue) featuremeshesTop: The meshis typically well-behaedin the
sourcegeometryandfragmentedn thetarget (orangecunes). Whereverticesof the

targetfeaturemeshprojectontothe geometrylandmarkshave beenaddedo bothfea-

turemesheggreendots). Targetandsourcefeaturemeshtrianglesarere ned equally
(greenedges). Middle: The normaldisplacemenbf the target meshintersectionis

usedto obtaina startingpoint for nding anintersectiorwith the sourcemesh. Bot-

tom: Sourcegeometryandfeaturemeshefhave beendeformedo matchthelandmarks
to thetarget.

rankthe acceptablesitesor rejectcreationof a landmark. Theray intersectiorbefore
repositioninga new vertex in the sourcefeaturemeshis muchlesscritical sinceit is
operatingon the deformedreferencemesh ,which hasperfectlywell-behaved geome-
try. Here,thealgorithmjust hasto makesurenot to intersectwith backfacingpartsof
thegeometry

8.4.4 Discussion

Thelandmark-basedting hasshown to work robustly on raw meshesbtainedfrom
rangescansof a variety of individuals. Eventhoughautomatedrocessings always
a desirablegoal, interactioncan be advantageousvhen landmarkshave to be speci-
ed: theinitial parsimoniousandmarksetoftenhasto be createdn incompletedata,
wherelarge partsof the geometryaremissing,andcannotbe estimatecautomatically
in areliableway. It is thusnecessaryo placelandmarks'in emptyspace” guidedby
anestimateof the landmarkdistribution asdescribedn Section8.4.2. Simpleheuris-
tics [NNO1] rely on well-behared meshgeometryandarenot suitablefor mostof the
anthropometristandardandmarksThere nementand tting stage®f theadaptation
processareaware of missingsurfaceparts,leadingto robustadaptation.Mesh xing
andhole lling becomeabdicable procedureshat can otherwiseeasilytake several
hoursof interactve work.

In practice specifyingthereferencesetof 60 landmarkgakesonly about10to 20
minutes,dependingon the quality of the scandata. While the speci ¢ setof anthro-
pometriclandmarksis usefulfor further measurementand deformationof the head
model (seenext section),the adaptationto scandatacanin principle be performed
on anarbitrarysetof landmarks.The computationatostof the landmarkre nement
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algorithmlargely depend®n ray/ meshintersectiortestsandpoint/ triangledistance
computations A greatspeed-upanbe expectedfrom optimizationof thesetests.In
thecurrentimplementationtheruntime totalsaround5 minutesfor the tting process
onal GHzPCwith a100ktriangletargetmesh.Startingwith givenscannedjeometry
the whole processf creatingan animatableneadmodelincluding the tuning of eye,
teeth,andtonguepositionstakesapproximately30 minutes,not including generation
of the skintexture.

8.5 Application 2: Growth and Aging

A challengingproblemin facial modelingandanimationis the simulationof growth
andaging. Besideghe Arts, importantapplicationsxist in the forensicsciencesand
in medicine:how doesthe child thatwentmissingtenyearsagolook now? Whatare
thelong-termeffectsof a rhinoplasticoperation?Typically, a skilled artistis needed
to infer age-relate¢hangedrom photographstelying on anthropometri&knowledge
anddata[Tay0]. Computeraidedmethodsare cautiouslybeginning to be usedin
forensicapplications,basedon two-dimensionaimage processingTay01, Chapter
7][Rus92 All90].

8.5.1 Related Work

In computemgraphicsresearclton agingin humanfaceshassofar concentratednthe
appearancef theskin,for themostpartneglectingtheconsiderablgeometricchanges
thatoccurduringgrowth. Wu etal. WKMMT99, WMTT94] focuson generatiorof
expressve wrinkles and skin aging effects. Their muscle-drven face modelincor
poratesviscoelastiqpropertiesof the skin. LEe etal. [LWMT99] reconstructextured
low polygonfacemodelsfrom photographef thememberof afamily, simulatingage
changedy blendinggeometryandtexturesbetweenyoungandold family members.
Wrinkle patternsaregenerategemi-automaticallypy consideringnuscle ber orien-
tationandfeaturepointsontheface.LANITIS etal. [LTC99 present statisticalface
modelto isolateagevariationsin faceimagedor ageestimationandagingsimulation.
TIDDEMAN etal. [TBPO1]usewavelet-basednethodgo identify salientfeaturesuch
asagewrinklesin prototypefacialimagesandapply themto otherimagesto change
theapparengage.

8.5.2 Head Shape Changes during Growth

Drasticchangesn headsizeandfacial proportionsoccurbetweeninfangy andmatu-
rity, wherethe mostactiely growing region of the headis the face. While TobD et
al. [TLSP8Q PW96]have deviseda simplemathematicamodelfor thechange®f the
faceup to adulthood growth patternsarein generahighly irregularin time aswell as
in theregionsaffected. Sevseral studiesof headgrowth during childhood nd separate
rhythmsfor the developmentin facial height, depth,and width, aswell asalternat-
ing phaseof acceleratedndslowed-davn growth [FPH92,EN72, Tan62 GSD9(.
Therearealsosigni cant differencesn developmentbetweenmalesandfemales for
instance the mandiblebecomesnuch more pronouncediuring male gronvth. Most
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TABLE A-Il-4. Morphological height of the face (n-gn) (mm)
Age Male Female
(years) N Mean SD N Mean SD

0-5 months 8 70.0 45 5 68.0 45
6-12 months 20 70.5 48 8 72.7 44
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Figure8.7: Left: differenttypesof landmarkmeasurementsalignedto the vertical
axis, Euclidean,and arc length; right: table of age-relatecchangedor one speci c
distancemeasuremenflable: [Far94]

studiesonly consideragesup to maturityat age18. At this point, headgrowth is con-
sideredto be settled. Somepublicationsindicateongoingchangesn post-adolescent
yearsthough:VERCAUTEREN [Ver9( found“statisticallysigni cant” differencede-
tweenagegroupsin a studyof 25-54yearold Belgians,suchasa decreasén head
width. TANNER [Tan8§ statesthat cephalicandfacial dimensiongncreasecontinu-
ouslythroughouthelife span.After age20, only minor changesn dimensionsf 2 to
4 percenttanbeobsenred,though.

Theanalysisof theanatomicatletailsstudiedn anthropometricesearclis beyond
thescopehere,but it cannonethelesbeassertedhatthe growth of the humanheadis
acomple procesghatcannotbe easilycastinto asimplemodel. Themostinteresting
anddrasticchangesn headshapeoccurduring childhood,and statisticallyrelevant
materialhasbeencollectedalmostexclusively for thatageperiod. The remainderof
this sectiondemonstratethe useof anthropometricdatafor simulatingheadgrowth
during childhoodand adolescencesmployingthe landmark-basetieaddeformation
method.

8.5.3 Tabulated Growth Data

For the methodsdescribedhere,| makeuseof talulatedmeasurementsollectedby
FARKAS [Far94 for asampleof the North Americanpopulation.The dataconsistof
distancerelationsfor pairsof landmarkson male andfemalefacesof the Caucasian
type, spanninghe agesof 1 yearup to 25 years.Oneor moreof threedifferenttypes
of distancemeasurementregivenfor eachlandmarkpair:

distanceslongoneof the horizontal,vertical,or depthdirections;
Euclideandistance;
arclength,traditionallymeasuredisingsofttapeon theface.

Eachsuchstatisticaimeasuremeris givenby its meanvalue andstandardieviation
. Figure8.7 illustratesthe differenttypesof measurementgndshowns sampletable
data.
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Figure 8.8: Deriving new measurementBom landmarkpairs on an individual head
model. Left: malemodelof 31 years.Middle: constraintsystemsolvedfor tamgetage
of 5 years.Right: transformecheadstructure.

8.5.4 Age Changes on the Virtual Head Model

Thebasicprocedurdor changingtheageof agivenindividualheadmodelis depicted
in Figure 8.8: the setof landmarkson the modelis usedto obtainmeasurementthat
canbecomparedo thetakulatedstatisticaldatafor the modeledpersons ageandsex.
Thesemeasurement@rethenupdatedaccordingo a userspeci edchangen ageby a
constraintresolutionmechanismresultingin anothersetof landmarkscorresponding
to the tamget age. The mappingfrom the sourceset of landmarksto the target set
de nesthedeformationof theheadmodel. Fromthe availabletextbook data,39 axis-
aligneddistancemeasurement&5 Euclideandistancesand6 arclengthsareusedto
de ne the systemof constraintsusingthe landmarksetshowvn in Figure8.9. These
measuremen@resummarizedn Table8.2.

Figure8.9: Landmarksetusedfor age-relateddhangesimagesafter[Far94]
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Head

Face

Orbits

Nose

Lips and mouth

Ears

\ertical Horizontal Depth Euclidean Arclength
v-n t-t g-op
v-gn
V-po
V-t
n-gn zy-zy t-g sn-t
n-sto go-go n-t gn-t
sn-gn sn-t
sto-gn gn-t
sl-gn go-gn
Or-Sci en-en en-se en-se

ex-ex ex-obs

ex-en ex-t

ex-go

n-sn al-al sn-prn  n-prn
sh-sto en-se
sn-sto  ch-ch ch-t ch-t
sn-Is
Is-sto
sto-li
li-sl
sto-sl
sa-sbha pra-pa n-obs
obs-obi op-po

Table8.2: Distancemeasurementssedfor agechangesseeFigure8.9 for landmark
sites.Somelandmarkpairsareduplicatedfor theleft andright halvesof themodel.

Thevirtual headmodelis placedin FH (FrankfortHorizontal) position, aligning
the horizontal,vertical, anddepthdimensionauisedfor the measurement® the x, vy,
andz axesin the object'slocal coordinatesystem.The currentvalued, for a distance
measuremeris rst computeddirectly from the landmarkson the model. Givenage
andse for theheadmodel,thevalueis comparedo thestatisticaimearnvalue . inthe
datatablesto nd its positionin the assumedtandardprobability distribution. After
looking upthemeanvalue  for thetamgetage the nal distancevalued; atthesame
relative positionin thedistributionis computed:

dy

t+ —(de
[of

DE

where . and  are standarddeviationsfor the currentandtarget age,respectiely.
Mappingthe deviation from the statisticalmeanin this way helpsto retainthe indi-
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measured src distance

TABLE A-lI-4. Morphological height of the face (n-gn) (mm)

Age Male Female /_\\
(years) N Mean SD N Mean =

0-5 months 8 70.0 45 5 68.0 45

6-12months 20 705 48 8 727 44
18 806 48 20 77.2 49
31 875 35 31 838 39]
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Figure 8.10: Deriving age changedor one distancemeasuremenby mappingthe
actualmeasuremerinto the probability distribution. Table:[Far94

vidual characteristicef the sourceheadmodel even over large changesn age. Fig-
ure8.10demonstratethe mappingfrom oneageto another
For deformingthe headgeometrythetaskat handis: giventhe currentlandmark

landmarkpositionsq; ? This problemis largely underdeterminedastherearemary
solutionsthatful Il the hard constaintsimposedby the new distancemeasurements
for the target age. To alleviate this, more constraintsare addedbetweenlandmarks
thatarecloseto eachother: the distancedetweerthemshouldscaleroughlywith the
globalscalings of the head,which is derived from the changein headheight. These
are soft constamints, in thatthey areusedto nd the bestsolution, but they are not
strictly enforced.

Linear Constraint Resolution

Most of the distancemeasurement@regivenalongoneaxisa (a 2 f x; y; zg), which
allowsto representhe problemasa setof linearconstraints:nd then new landmark
coordinates,;i; i = 1;:::;N; for eachaxisa. The problemis solved separately
for eachaxis. The relationto the M hard distanceconstraintsand 1 soft distance
constraintsanbe expressedy a sparsdinearsystem:

M
Aga = d + i8i
i=1

wherethe combinatorialmatrix A 2 RM+M) N speci es pairings of landmarks.
Eachrow of A containsexactly two non-zeroentries+1 and 1 in columnsj andk,
respectiely, to denotethe differenceqa; Qgax. TherecanbeatmostN (N 1)=2

pairingsof landmarks,but in practiceonly M 35 plus 1 100 neighboring

landmarksarepairedperaxis. Thevectord 2 RM +# representshe hardconstraints
andhasM non-zercentriesin thosepositionswherethe targetdistances prescribed.

Eachvector8; 2 RM + M containsa single non-zeroentry with the currentdistance
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Figure 8.11: Arc-length measurementare usedto modify face shapeafter solving
constraints. The landmarkst andch are constrainedoy their Euclideandistanced.
Themiddlelandmarkich is placedin themiddleof acircle segmentthatapproximates
thedesiredarclengthl.

Kpaj Pakk betweerapairof landmarksnot constrainedy d in the corresponding
position,i.e., in therow whereA speci esthe pairingof ga; andqak. Sincel want

to enforcethe hardconstraintsd givenby thedata,but keeptherelationsbetweerthe

otherlandmarksasunchange@spossiblethe systemis solvedfor weights ; closeto

the globalscalingfactors. To this end,the equationis reformulatedoy shifting terms
toincludethe&; and ; in the matrix:

A B qa _ d .
0 | T s (8.2)

wherethe columnsof B 2 RM+M) ¥ arecomposedf thevectors 8, and isa
vectorbuilt from the ; in the sameorder The submatrixl 2 RU ¥ g anidentity
matrix. On the right handside,s hasf1 entrieswith the constantscalingfactors.
The systemis now overconstrainednd solved for the g, and ; usinga singular
valuedecompositionSVD) [PTVF9J. The singularvaluesare clampedto achieve
aprescribectonditionnumberfor the leastsquaregproblembeforeback-substitutn.
Thisremoveslineardependentonstraintsasthey occurin practice.

Accordingto this method,| setup andsolve threeindependenlinear systemgor
thedistanceconstraintalongthex, y, andz axes. Sincethedatais only asexactasthe
proceduresisedfor taking measurementsf the samplepopulation,andthe collected
datais only statistical a precisesolutionfor a givenindividualheadcannotin general
be achieved. SVD will giveabestt in theleastsquaresensethough:for a system
Ax = b, thesolutionvectorx thatminimizesthe residualerrorkAx bk, will be
found. In Equation(8.2), the valuesin d aretypically in the rangeof 10-200mm,
while the valuesin s arecloseto 1.0. Thus,a smallerror (i.e., a displacemenfrom
theidealtargetposition)in oneof thenew landmarkcoordinates),;; resultsin amuch
larger residualerror thana small deviation in one of the weights ;. As aresult, |
foundthehardconstraintdo beful lled with a maximumabsoluteerror of abouttwo
millimetersin the experiments.

Non-linear Constraints

For somelandmarkpairsa Euclideandistancds given,which cannot be includeddi-
rectly into the equationsystem.| linearizethis problemby splitting sucha constraint
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into threeaxis-alignedconstraints.Given a currentvectorfrom onelandmarkto an-
otherandaprescribedargetdistancebetweerthem,it is assumedhatthe directionof

thatvectorwill not changedrasticallyin the solution. This vectoris scaledto the tar

getlengthandprojectedontothethreeaxesof theglobalcoordinatesystem.Thethree
projecteddistancesare addedas additionallinear constraintsinto the equationsys-
temsdescribedn the previoussection.Letting SVD run asbefore,a solutionis found
thatapproximatelyful lls the Euclideandistanceconstraint.To improve this solution,
the projectionprocesss repeatedsolving againuntil corvergence.In practice, three
iterationssufce.

Arc lengthis anothemeasuremertypein the data. Sincethe pairsconnectedy
arcsareconstraineddditionallyby distanceneasurements the sampledataset,it is
not necessaryo includethe arclengthsinto the constraintresolutionmechanismin-
steadthearcmeasurementsreusedto improve the shapeof thesurfaceafter solving.
Approximatingthe arcby a circle sgment,anadditionallandmarkis placedbetween
the two landmarksconnecteddy the arc,asshavn in Figure8.11. This landmarkis
shiftedalongthe surfacenormalto give thearcthe desiredengthfor thetamgetage.

8.5.5 Discussion

The computeddeformationof the facefor changingts ageproducegplausibleresults,
which is encouraginggiventhat only a smallamountof statisticaldatais used. Age

progressionsf two maleindividualsaredepictedn Figures8.12and8.13. Thealgo-

rithm dealsonly with geometricdeformation texturesare not automaticallyadapted.
The gures thus showv the deformedheadswithout texturesand alsowith manually
adaptedextures.

My approachis inspiredby DECARLO etal[DMS98], but hasno restrictionson
the smoothnes®r parameterizationf the surface. The computationof the agede-
formation usesonly the landmarkset, thus being independenfrom the type of the
deformedsurface—herehedeformatioris appliedto theverticesof theheadmodel's
trianglemesh.

Thealgorithmis purely statisticalin nature thusaccuratepredictionsaboutindi-
vidualheadshapechangesredif cult. It is,for instanceassumedhatameasurement
keepsdts variancefrom the statisticalmeanover theyears:a nosethatis relatively big
for anadultis assumedo bebig in childhood.Togethemwith the scarcityof the facial
measurementshis tendsto retainthe characteristic®f the original faceto a some-
timestoo strongdegree. It would be usefulto have dataaboutthe shifting of measured
distancesithin the probability distribution over time.

Probablydueto theerrorpronephysicalmeasuremergrocessarriedoutby mary
examinersovertheyearsthecollectedabulatedmeasuremertatais not awless.For
instance gexaminationof thetakulatedarcmeasurementdelivereda surprisingresult:
the ratio betweenarc length and correspondingzuclideandistanceremainsalmost
constantthroughthe agesin the table data, i.e., the roundnesof the face doesnot
vary signi cantly, differentfrom whatonewould expectespeciallyfor youngerfaces.
To incorporatehe puf ness of smallchildren'scheekghatcanbe obsenredin thereal
world, | allowedfor anadjustableslightincreasen thearclengthof upto 10% overthe
original valuesfor a youngchild. With today's modernscanningechnologyit would
be feasibleto obtainmuchmoredetailedandprecisemeasurementsf humanheads,
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Figure8.12: Deformationof adultheadby the constraintresolutiontechnique.Top to
bottom: 5 years,15 years,31 years(original age). The textureson the modelsin the
right columnhave beencreatednanuallyfrom theoriginal agephototexture.
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Figure8.13: Deformationof a boy's headby the constraintesolutiontechnique.Top
to bottom: 1 year 5 years(original age),20 years.Theright columnsshowvs animated
andtexturedversionsof thesemodels.
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avoiding suchworkaroundsand improving the resultsof the presentecage-mapping
algorithm.

Therearemary moreaspectso growth andagingof faces.Wrinkle formationand
changesn skin color or hair growth arenot coveredin the procedureresentedere.
The mechanicakkin propertiescanbe adjustedto a limited degree,though:the skin
stiffnessconstantsskin thickness,and musclelayer thicknessare evaluatedduring
constructiorof eachheadmodelto initialize the springmesh the skull, andthe mus-
cle layer. Theseparameterganbe adjustedmanuallyto accommodatéor individual
andage-relatecchanges.While it shouldbe possibleto have thesevaluescomputed
automatically a thoroughexaminationof the visualimpactof suchadjustment®nto
theactualanimationis still required.

The contribution of the approachpresentechereis the simulationof the shape
change®f thehumanheadduringgrowth. In combinationwith skin agingtechniques
suchasthoselistedin Section8.5.1,the methodcanbea substantiapartin the devel-
opmentof acompletefacial agingsystem.

8.6 Application 3: Face Reconstruction from the Skull

For well over a hundredyears,forensicart and sciencehasbeenassistinglaw en-
forcement.Oneof the majorareasof concernin this areais facial reconstructiorfor
postmortemdenti cation of humandrom their physicalremains.Manualreconstruc-
tion andidenti cation techniquesuild on the tight shaperelationshipshetweenthe
humanskull andskin: for instance the presumeddentity of a murdervictim canbe
con rmed by superimposing facial photograplwith a properlyalignedandsizedim-
ageof theskull. If nophotographs available thelook of thefacecanbereconstructed
to a certaindegreeby modelingthe missingtissuelayersdirectly onto the skull or a
plastercastmadefromit.

Figure 8.14: Historic reconstructiorof a facefrom the skull. Left: sculptedrecon-
struction;right: corpsefrom which the skull wasobtained.Images:[TayO1].
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Figure 8.15: Comparisonof sculptedreconstructionsvith photographs.Left: male
subjectyright: femalesubject.Images:{HRPM93].

The rst documenteataseusingthree-dimensiondacial reconstructiorfrom the
skull datesbackto 1935[Tay01]. A key experimentwaslater performedby KRoOG-
MAN [Kro46]: giventhebody of a deceasegersonhe took a pictureof the cadaer
headbeforeextractingthe skull. The skull wasprovidedto a sculptoralongwith in-
formationaboutsex, origin, andageof thelate owner, plusdataon the averagetissue
thicknessest severalpositionsin theface. Fromthis material,areconstructiorsculp-
ture wascreatedthat could be comparedo the original head. The resultis shovn in
Figure8.14. Sincethattime, three-dimensionafacial reconstructiorfrom the skull
hasbeemmuchre ned, but themethodhasessentiallfyemainedhe same Researchers
have examinedthe skull / skin relationshipdor differentethnicgroups[LBV93] and
analyzedhe correspondencesf skull morphologyandfacial featuredFN93]. Others
found correlationsbetweenmuscleactiity andskull shape[ML74, WH86]. In her
comprehensie textbook, TAYLOR [TayO1]describeshecraftin greatdetail.

Much of thefascinationof thetopicis dueto the combinedefforts of scienceand
art, resultingin often astonishinglylifelike reconstructionsgiventhe little available
input (seeFigure 8.15). Many parametersf the outwardappearancef anindividual
cannotbereadilyderivedfrom the skull, though.Theprocesss thushighly dependent
onrulesof thumb,the experienceof theartist,andsomeguessworklt is, for instance,
next to impossibleto reconstructhe shapeof the earsbasedon scienti ¢ reasoning,
althoughempirically there seemsto be a relation of ear heightto the length of the
nose[Tay01], p. 403].

8.6.1 The Manual Reconstruction Process

The traditionalwork procesdor facial reconstructiorbegins with preparatiorof the
skull. Sincetheskull is oftenevidencein a criminal case greatcareneedgo betaken
in handlingit: somepartsareextremelythin andfragile,especiallyin thenoseandthe
orbits. For identi cation, theteethoftenprovide alot of usefulinformation,soadental
analysisis usually performedat this stage. For the reconstructiorof the lower face,
the mandibleneedsto be properly alignedand securedo the skull. It is important
to take the naturalspacingat the temporomandiblar joint into accountwhendoing
this, which canbe achievedusingspacersin cooperatiorwith ananthropologistand
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Figure 8.16: Modeling the facewith clay on top of the skull usingthe tissuedepth
method.Images:[TayO0].

possiblygivenmoreinformationfrom the remainsof thevictim, anestimatiornof age,
ancestrysex, andstaturecannow be obtained.

Theactualfacereconstructiorproceedsvith oneof two availableapproacheshe
anatomicalmethodandthe tissuedepthmethod The anatomicaimethodattemptse-
constructiorby sculptingmusclesglands,andcartilage, eshing outtheskull layerby
layer. Thistechniquas moreoftenusedin thereconstructiorof fossil faces whereno
statisticalpopulationdataexists [ZPM98]. As TAYLOR statesthis techniqueis very
time consuming,occupying“mary hundredsof hours”. It alsorequiresa greatdeal
of detailedanatomicaknowledge. Therefore the alternatve tissuedepthmethodhas
becomethe more popularreconstructiortechniquein law enforcement.Here, stan-
dardsetsof statisticaltissuethicknesaneasurementat speci ¢ pointsonthefaceare
used.Eachmeasuremerdescribeshetotal distancerom the skin surfaceto theskull,
including fat and musclelayers. The methodis thus more rapid thanthe anatomical
methodanddoesnotrequireasmuchanatomicaknowledge.Suchmeasurementsave
beencollectedfor malesandfemalesof severalracial groups,usingneedlesX-rays,
or ultrasoundechniques.The tissuedepthdatamostoften usedby police artiststo-
day wascollectedprimarily by RHINE et al. [RC80, RM84]. The datais sortedinto

“slender”,“normal”, and“obese”groups,aswell asby sex andrace.

Giventhe setof measurementsissuedepthmarkersarenow placedon the skull
or a castmadefrom it, re ecting the tissuethicknessat the samplepoints. These
markersareorientedorthogonallyto the skull surface correspondindo thedirection
of the tissuethicknessmeasurementslsing the markersand other featureson the
skull for guidance the faceis modeledon top of the skull usingclay. A snapshobf
the beginning stagesof a reconstructiorusing the tissuedepthmethodis shown in
Figure8.16.
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8.6.2 Developing a Computer -Based Approach

The tissue-depthmethodas describedabove translatesemarkablywell to my head
modelingframeavork: in theapplicationgresentedh Sections3.4and8.5,thegeneric
facemeshwith underlyingmuscleandbonelayersis deformedto matchgiventarget
constraintontheskin. This processs adoptechereto matchthe muscleandskin lay-
ersto givenskull datainstead. The manual‘dowel placement’methodis implemented
by extendingtheskulllandmarkeditorbrie y discussedh Section5.1.1.Thesculpting
of the skin surfaceis performedasshown beforeby applyingthe RBF-based/olume
deformationto a headmodeltemplate. The deformationapproachthasthe additional
adwantageof beingapplicableto the additionalstructuresattachedo thetemplate:the
musclestructures mappedo the tted headmodelaswell, enablinganimationonthe
reconstructedheadin the physics-basethcial animationsystem[KHS03].

After reviewing relatedwork in thefollowing section,acquisitionof skull dataand
interactive landmarkplacemenarediscussedn Section8.6.4.Section8.6.5describes
how thegenericheadmodelis tted to theskull. Animationandtexturegeneratiorfor
theresultingheadmodelaretoucheduponin Section8.6.6.1 presensomeexamples
in Section8.6.7anddrawv conclusiongrom theseresultsin Section8.6.8.

8.6.3 Related Work

Perhapgiueto thelack of rigid taxonomiesandhardrules, the useof computersand
computergraphicsin this forensicapplicationis still very limited. The procedures
describedhbore cannotbe casteasilyinto a computemprogramthatproducesjoodre-
sultsin anautomateananner—the experienceandjudgmentof thepractitioneremain
avital partof the system.

In law enforcemenpractice,computeraidedtechniquegestrictto relatively sim-
ple imageandvideo manipulation:face photographsre usedfor skull superimposi-
tion [Grii93,MY1S95], while imagewarpingandretouchingenablea basicsimulation
of aging[Tay01, p. 253]. This situationis unfortunate,sincethe traditional three-
dimensionafacereconstructiorprocesss extremelytime-consumingndexpensve.
It is hardlyfeasibleto producea varietyof differentplausiblereconstructionfrom one
skull, simply dueto the effort thathasto be putinto the creationof eachmodel. Also,
repeateghysicalhandlingof the original skull increasesherisk of damage.

Oneprototypicalcomputerbasedacereconstructiorsystemallowing tting of a
generichierarchicaB-splineheadmodelto a skull mesh,is describedy ARCHER in
herMasters thesis[Arc97]. Theuserplacesdowelson a skull modelwith prescribed
tissuethicknessvalues resultingin targetsfor a B-splinesurfacetting process.The
interpolationprocesss tricky andrequirescareful preparationof the templatehead
model.

In theapproactpresentedy MicHAEL andCHEN [MC96], a sourceheadmodel
thatincludesa skull is deformedusinga volumedistortionfunction suchthatthe de-
formed sourceskull approximatelymatcheshe target skull. It is assumedhat the
deformedsourceheadmodelbearsgood resemblancéo the (unknowvn) tarmget head
model. The volumedistortionfunctionis setup asa eld warp usingforty pairsof
disc elds, which are manuallyplacedaroundthe skull. No detailsare given on the
placementf thesecontrol elds.
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Figure 8.17: Skull landmarkspeci cation in the moutharea. Left: snapshofrom
landmarkeditor; right: correspondencelsetweenskull and skin markers,shaving
orthogonalandnon-orthogonaskull/skinrelationshipsRightimageafter[yl93].

A deformationtechniquesimilar to the oneusedhereis employedby VANEZIS et
al.[VVMNOQ]. A facialtemplatechoserfrom adatabasef scannedacess deformed
to matchthe positionof targetfacelandmarkswhich have beenderived from adding
statisticaltissuethicknessvaluesto the correspondingkull landmarks.The resulting
reconstructetieadsarenotalwayscomplete(for instancethetop of theheads usually
missing). The authorssuggesto export an imageof the reconstructedeadandto
applya nal image-processingtepto addeyes,facialandheadhair.

Theabore methodgequirealot of manualassistancan settinguptheinterpolation
function [Arc97, MC96], or rely on a databasef headtemplatesVVMNOOQ]. In
contrast,with the approachpresentechere, reconstructionsare developedfrom one
headtemplatewith relatively few markers,and additional mechanismsre usedto
improve reconstructiorresults(seeSection8.6.5). The approachalwaysgenerates
completeheadmodels. Insteadof using higherordersurfacesor point samplesthe
surfaceof the deformableheadtemplateis an arbitrary triangle mesh, simplifying
later artistic modi cations of the result using standardmodelingtools. Integration
of expressve facial animationhasnot beendiscussedy othercomputeraidedfacial
reconstructiorapproachesofar.

8.6.4 Preparation of the Skull

My approachusesthree-dimensionatkull dataacquired,for instance from volume
scansaandextractionof the bonelayers,or by rangescanninga physicalskull. Thetest
datausedfor the examplesin Section8.6.7 wasacquiredusing both typesof scans.
To speedup further processinga low-resolutiontrianglemeshcomprisedof 50-250k
polygonsis producedrom theskull modelby meshdecimatiortechnique$GH97]. In
generaltheoriginal datashouldbe simpli ed aslittle aspossiblesinceminutedetails
on the skull cangive importantcluesfor the reconstruction.The meshresolutionis
chosenfor adequataesponsienessof the interactive skull editor. In practice,it is
helpful to have the original dataset(or the physicalskull) readyasa referenceduring
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Figure8.18: Variationof thedeformableheadmodelusedfor reconstructionTheskin
landmarkspairedto skull landmarksare shovn asblue dots. Left: front view; right:
sideview.

editing.

In theeditor, theskull modelis equippedvith landmarksasshovnin Figure8.17.
Pointson the skull surfaceare simply pickedto createa landmark,which canthen
be moved aroundon the surfacefor ne positioning. Eachlandmarkis associated
with a vectorin surfacenormal direction, correspondingo the typical direction of
thicknessmeasurementsAs can be seenon the right imagein Figure8.17, some
skull / skin correspondencesrein fact non-orthogonato the skull surfacein thearea
of thelips. Thisis correctedfor at a later stepof the tting processasdescribedn
Section8.6.5. The landmarkvectoris scaledto the local tissuethickness,which is
lookedup automaticallyby thelandmarks assignechamein atablebasedn RHINE's
data(seeSection8.6.1). The speci ¢ setof pairedlandmarksn skinandskull usedin
this applicationis listedin Table8.3. Most skull landmarknamesanddescriptionsare
takenfrom [TayO1,p. 350ff.]. Shortskull landmarknamesarelistedin theid column.
| have tried to adhereto namingcorventionsusedin the forensicandanthropometric
literatureasmuchaspossiblg Tay01, y193, Far94. For simplicity, | have assignedhe
sameshortnameto correspondindgandmarkson skull andskin, whichis notgenerally
the casein the literature. In a few casesmarkedby in the table,| inventedshort
names.Not all skull landmarkshave an“of cial” counterparbntheskin,sol placed
the correspondingkin markersusingmy own judgment.The mplandmarkpair is not
partof the standardset. It wasaddedto improve the alignmentof skinto skull in the
region behindthe ears,wherethe mastoidprocessaddsa bulgeto the skull.

8.6.5 Fitting the Deformable Head Model

Head Model Structure

Whenthe skull is taggedwith landmarksjt senesasthetametfor deformationof the
genericheadmodelshown in Figure8.18. This modelis a slight variationof the one
describedn Sections.1. Mostnotably aseparatelgontrollablejaw aswell astheeye,
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name

Supraglabella
Glabella

Nasion

Endof nasals
Mid-philtrum

Upperlip magin
(Supradentale)
Lower lip magin
(Infradentale)
Chin-lip fold
(Supramentale)
Mentaleminence
(Pogonion)
Beneattchin
(Menton)

Frontaleminence
Supraorbital
Suborbital
Endocanthion

Exocanthion

Inferior malar
Lateralorbit

Zygomaticarch,
midway
Supraglenoid
Gonion
SupraM?
Occlusalline

SubM 2
Mastoidprocess

na

sd

pog

me

fe
sci
or
en

im
lo

zy

Sg

go
spmz2
ol

sbm?2
mp

description
Midline

Above glabella,identi ed with the hairline

The mostprominentpoint betweernthe supraorbitakidgesin
themidsagittalplane

The midpoint of the suturebetweenthe frontal andthe two
nasalbones

Theanteriortip or thefarthestpoint outon the nasalbones
The mid line of the maxilla (eastand west), placedas high
as possiblebeforethe curvature of the anteriornasalspine
begins

Centereetweerthemaxillary (upper)centralincisorsatthe
level of the CementunEnamelJunction(CEJ)
Centerecbetweenthe manditula (lower) centralincisorsat
thelevel of the CementunEnamelunction(CEJ)

The deepesmid line point of indentationon the mandible
betweertheteethandthechin protrusion

The mostanterioror projectingpoint in the mid line on the
chin

Thelowestpointonthe mandible

Bilateral

Placeonthe projectionsat bothsidesof theforehead

Above the orbit, centerecbnthe uppermostmaigin or border
Below theorbit, centerecbnthelower mostmaigin or border
pointattheinnercommissuref theeye ssure;thelandmark
ontheskinis slightly lateralto the oneonthebone
pointattheoutercommissuref theeye ssure;thelandmark
ontheskinis slightly medialto theoneon thebone
Thelower portionof themaxilla, still onthecheekbone
Drop aline from the outermagin of the orbit andplacethe
markeraboutl0 mm below the orbit

Halfway along the zygomaticarch (generallythe mostpro-
jectingpointonthearchwhenviewedfrom above)

above andslightly forward of the externalauditorymeatus
Themostlateralpoint on the mandilular angle

Above the secondmaxillary molar

On the mandiblein alignmentwith the line wherethe teeth
occludeor bite

Below the secondmanditular molar
Mostlateralpartonthemastoidprocessdehindandbelow the
earcanal

Table8.3: Landmarksetusedfor facereconstruction
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(@) (b) (©)

Figure8.19:Fitting stagesshavn onthelowerface.a)usingonly userspeci edland-
marks(someskull areasstill intersectinghe skin); b) with automaticallyinterpolated
landmarkson themandible;c) usingadditionalheuristicsfor lip andnoseshaping.

teeth,andtonguemodelshave beenleft out of the reconstructiorapproachsincethe
addedanimationcapabilitiesprovided by thesefeaturesarenot particularlyusefulfor
thisapplication:while amodestthangeof expressiorsuchasasmile or afrown might
aid identi cation, rolling of eyes,blinking, andtalking would probablynot. It is also
nearlyimpossibleto correctlyguesdetailssuchasaspeci ¢ way of speaking—errors
in this respectwould producerathermisleadingresultsin a real identi cation case.
In conclusionthe effort of providing a separatgaw mesh,aswell asplacingtongue,
eye, and potentially teethmodelsdoesnot offset the bene ts. Likewise, real-time
animationand renderingspeedare not importantfor the reconstructiorapplication.
The headmodelhasthusbeenre ned to 8164trianglesto allow for a better t of the
geometryand higher quality rendering. The adaptecheadmodel andthe landmarks
de ned on the skin surfaceareshawn in Figure8.18. The majority of the landmarks
correspondso the userspeci ed skull landmarks. Theselandmarkpairs control the
basic tting of the headstructure while a few additionallandmarksonly de ned on
the skin areusedfor the nal adjustment®f thereconstructedhape.This processs
discussedn thefollowing sections.

Deformation

Giventhedeformableheadmodelwith N prede nedskinlandmarkpositionsp; 2 R3
andthe correspondindandmarkss; 2 R3 (i = 1;:::;N) speci ed on the skull, a
spacedeformationis setup that ts the skinandthe musclelayoutto theskull.

Thetargetskull landmarkshave associatetissuedepthvectorsd;, socorrespond-
ing skin landmarkpositionsq; arede ned asqg; = s; + dj. The problemcannow
be treatedasdescribedn Section8.3, by settingup a functionf thatmapsthe p; to
theq;. In contrasto the previousapplicationsthe skull geometryis alreadygiven,so
only skin meshandmusclesaretransformedo matchthe templateheadmodelto the
skull.

Sincethe landmarksetis comprisedof only 40 landmarks(see Table 8.3) and
is thusvery sparsethe computeddeformationdoesnt properly align the skin to the
skull in all places,ascanbe seenin Figure8.19(a). Interactive speci cationof more
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Figure8.20: Comparisorof heuristicsusedin traditionalreconstructior{left) with the
graphicalinterface(right). (Note: differentskulls are usedin the adjoiningimages.)
Top: estimationof nosewidth; center:positioningof the nosetip; bottom: settinglip

width, height,andmouthcornerposition.

landmarkgputsanundesirabledditionalburdenontothe user soadditionallandmark
pairsarecomputedautomaticallyby interpolationbetweenrexisting oneson the upper
andbackpartof thecranium,aswell ason the mandible,asshovn in Figure8.19(b).
Thethicknessvalueof aninterpolatedskull landmarkis alsointerpolatedwhereonly
suchskull areasare chosenfor landmarkinterpolationwherethe tissuethicknessis
nearconstant. Tissuedepthinterpolationwould be problematic for instance,in the
mid-facearea,wherethicknessvalueschangedrasticallyfrom the cheekboneo the
mid-faceregion below.

Additional Reconstruction Hints

The tissuedepthvaluesat the markerpositionsde ne the basicshapeof the recon-
structedhead,assumingdepthmeasurementseing alwaysstrictly orthogonalto the
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skull surface.As mentionedn Section8.6.4,this assumptioris not alwaysvalid. A
numberof rules arethususedin traditionalfacial reconstructiorto help locatecer
tain featuresof the face basedon the skull shape,employingempirical knowledge
aboutshaperelationsbetweerskin andskull [Tay01]. | have translatedsomeof these
heuristicsfor usewith the skull landmarkeditor: the nal tting result,asshavnin
Fig. 8.19(c),is obtainedby including this additionaluserinput.

To keepthe userinterfaceuniform, mostrulesare expressedy the placemenof
vertical and horizontalguidesin a frontal view of the skull. From this userinput,
the placemenbf a few landmarkson the skin is adjusted resultingin a new target
landmarkcon guration. The updatedandmarksetis usedto computeanotherwarp
function, which deformsthe pre- tted headmodelin the adjustedregions. Five rules
in uence the shapeof the noseandthe shapeof themouth,asshawn in Figure8.20:

The width of the nosewings correspondso the width of the nasalapertureat
its widestpoint, plus 5mmon eithersidein Caucasoidsin the editor, the user
placestwo vertical guidesto theleft andright of the nasalaperture.Fromtheir
position,thedisplacementf thetwo al skinlandmarksplacedatthenosewings
is computedcf. Figure8.20,top row).

The position of the nosetip dependon the shapeof the anteriornasalspine.
Accordingto KROGMAN's formula[Tay01,p. 443], thetip of the noseis in the

extensionof thenasalspine.Startingfrom thez valueof thetissuedepthmarker
directly below the nose(mid-philtrum, seeTable 8.3), the line is extendedby

threetimesthe length of the nasalspine(cf. the white andyellow linesin the

rightimageof Figure8.20, middlerow). In the editor, begin andend pointsof

the nasalspinearemarked. The prn landmarkat the nosetip is thendisplaced
accordingo theformula.

The width of the mouthis determinedoy measuringhe front six teeth,placing
the mouthangleshorizontally at the junction betweenthe canineandthe rst
premolarin a frontal view. Two vertical guidesare usedfor positioningthe
ch landmarkdocatedat the mouthangles(vertical linesin Figure8.20,bottom
row).

Thethicknesf thelips is determinedy examiningthe upperandlowerfrontal
teeth.Seerfrom thefront, thetransitionbetweerthelip andfacial skinis placed
atthetransitionbetweertheenamehbndtherootpartof theteeth.Two horizontal
guidesare placedby the userat the upperand lower transition, respectiely.

This determineshe vertical positionof theid andsdlandmarksmarkingthelip

boundary(top andbottomhorizontallinesin Figure8.20,bottomrow).

The parting line betweenthe lips is slightly above the bladesof the incisors.
This determineghe vertical placemenof the ch landmarkgmiddle horizontal
line in Figure8.20,bottomrow).

Usingtheseheuristicsa betterestimateof themouthandnoseshapesanbecom-
puted.Theeffectis strongesbnthelip magins, sincetheassumptiorof anorthogonal
connectionbetweencorrespondingkin and skull landmarksis in fact not correctat
thesesites,astheright partof Figure8.17shaws. Theinitial deformationthusgivesa



8.6. APPLICATION 3: FACE RECONSTRUCTION FROM THE SKULL

115

Figure 8.21: Preparatiorof a real skull for reconstruction.Left: the skull is laser
scannedright: resultingskull mesh simpli ed andtaggedwith landmarks.

goodestimateof thetissuethicknesof thelips while theseconddeformatiorusingthe
informationprovidedby interactive guideadjustmente nes thevertical placemenbf
thelip magins.

8.6.6 Facial Expressions and Rendering

In manualfacial reconstructiona neutral poseof the faceis preferredas the most
“generic” facial expression.Otherexpressiongould be helpful for identi cation pur
poseshut the costof modelingseparatarersionsof the headmodelis prohibitive. In
thevirtual reconstructiormpproactpresentedhere this doesnot posea problem:since
the tted headmodelhasthe animatablestructureof skinandmusclesdifferentfacial
expressionsanbe assumedby settingmusclecontractions.

If additionalinformationaboutthe modeledpersoris available,for instancefrom
remnantsof hair foundwith the skull, the resultingmeshcanbe coloredcorrespond-
ingly. The systemincludesbasiccapabilitiesfor coloring the partsassociatedvith
skin, lip, andeyebrows in the model's texture map. Colorscan be adjustedinterac-
tively in HSV spaceon the reconstructedheadmodel. Finally, the color adjustments
aremegedinto a neutralbasetexture and saved as a new texture map. The tted,
texture-mappedrianglemeshcanbe easilyimportedinto variousrenderingpackages
for display The examplesshaowvn in Figures8.22and8.23 show threedifferentskin
colorationscreatedn this way.

8.6.7 Reconstruction Examples

| have testedthe techniqueon a real skull and on two medicalvolume scans,made
availableby the Institute of ForensicMedicine,SaarlandJniversity. All datapertains
to individualsof Caucasiatype. Eachreconstructiomequiredapproximatelyan hour
of interactve work, excludingtime for dataacquisition.
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Figure8.22: Exampleof facial reconstructiorcreatedrom ascannedealskull, shav-
ing t of skinto skull, transferrednusclesandthreefacial expressions.
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Figure8.23: Examplef facialreconstructionffom volumescans.Top: malesubject,
shaving theactualfaceascontainedn thedata,superimpositionsf theactualandthe
reconstructedace with the skull, andthe reconstructiorwith neutraland “worried”

expression.Bottom: femalesubjectwith strongskull deformations.The CT datasets
don't containthe top andbottomof the headsthusthe sourceskull andfacemodels
arecutoff. Theactualheadheighthadto beguessedn thesecases.
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Figure8.24: Lefttoright: RHINE'straditional‘slender”,“average”,and“obese"tissue
depthtables(cf. [Tay01, p. 350 ff.]) often resultin hollow cheeksand prominent
cheekboneéseealsoFig. 8.22and8.23). Rightmosimage:theshapecanbeimproved
by “bulging out” the affectedmeshareas.

The real skull, shavn in Figure 8.21, was unearthedon a constructionsite and
belongsto anunidenti ed male,approximately35 yearsof age. As canbe seenfrom
theholein thefrontal bone,hewaskilled by a headshot. It is believedthatthe owner
of this skull wasawar victim or a soldier.

After scanninghe skull, theresultingmeshwassimpli ed to 100ktriangles.The
interactive placemenof the skull landmarksandfacial featureguideswasrelatively
easyin this casesincetheskullis completeandin goodcondition. The skull meshwith
userspeci edlandmarkds depictedn Figure8.21.Duetoits wartimeorigin, theface
canbe assumedo beratherskinny, sol selectedhe “slender”tissuethicknesgable.
Fitting resultscanbe seenin thetop half of Figure8.22. Sincethe actualappearance
of theindividualis unknawvn, the accurag of the reconstructiorcanonly be guessed.
Nonethelesghereconstructiorseemgplausible.Notably, the shapeof thechin,which
canbepredictedrom thecorrespondingegion ontheskull, hasbeerreproducedvell.

To shov examplesutilizing otherdatasourcesandalsofor validation,skull and
skin surfaceswere extractedfrom medicalvolumescans. The rst dataset, shovn
in the top row of Figure 8.23, pertainsto a male subjectof roughly 30 years. The
subjectsfaceis ratherbulky, sothe“obese"tissuethicknessdatasetwaschosen(in a
realcasethis choicewould have to bemadebasedn otheravailableinformationsuch
asthesizeof clothes,if present).The rst reconstructiomttemptsshoveda consistent
emphasison prominentcheekbonesand hollow cheeks: no matterwhich dataset
was picked, the face would becomemore bulky, but not show the expectedgeneral
roundnesof the face. This effect is demonstratedn Figure 8.24 on variationsof
the rst model.A closerexaminationrevealedthatthereasorliesin therelatively low
thicknessraluesRHINE assignedo thelandmarksle ning thecheekregion (sbm2and
spm2in Table8.3). After excludingthesetwo landmarks) obtainedheresultsshavn
in Figure8.23. Therightmostimagein Fig. 8.24 shavs how simplemeshmodeling
techniquesouldbe usedatthis pointto improve andindividualizethe reconstruction.

Thesecond/olumedatasetshavs afemalepatientwith strongskull deformations.
A reconstructiorof this facewas producedo testthe methodwith a decidedlynon-
averageskull shape.The resultcanbe seenin the bottomhalf of Figure8.23. Since
theautomatidandmarkinterpolationschemeseeSection8.6.5)is designedo handle
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the normal rangeof skull variations,the unusualshapeof the mandibleresultedin
very sparsesamplingof the chin area. A prominentfeatureof the skull datais the
protrusionof oneincisor, pushingthe upperlip to the front. To modelthis effect, |
moved the sd landmarka few millimeters down onto the blade of the incisor, thus
pushingthe associatedkin landmarkforward aswell. This did not have an adwerse
effect on the de nition of the heightof the upperlip boundarysincethis is adjusted
separatelypy the mouthguides(cf. Figure8.20).

8.6.8 Discussion

The facereconstructiompproachpresentedn this sectionmirrors the manualtissue
depthmethodandthus hasessentiallythe samepredictionpower. The resultsshav
overallgoodreproductiorof facial shapeandproportions andsomesurprisinglywell-
matcheddetails. It shouldbe notedthatthe exampleswere producedoy a computer
scientistwith notrainingin forensicreconstruction.

Theadwantagesf thecomputerizedolutionareevident: insteadof weeksjt takes
lessthana dayto createa reconstructedace model,including scanningof the skull.
Oncethe scandatais markedwith landmarks differentvarietiessuchas slimmeror
moreobeseversionscanbe producedwithin secondst the pushof a button, whichis
practicallyimpossiblewith the manualmethoddueto the vastamountof time needed
for productionof a single model. Slight variationsin facial expressioncan also be
obtainedquite easilyby animatingthe musclestructureunderlyingthe model.

Since the virtual reconstructionis basedon 3D scans,which can be acquired
contact-freetherisk of damageto the original skull is reduced.On the otherhand,
the scanningprocesshasinherentlimitations: dependingon the maximumresolution
of thedigital scannermuchof the ner detailon the skull is lost. The delicatestruc-
ture of, for instance the nasalspine cannotbe fully capturedwith currentscanning
technology For this reasonijt is necessaryo consultthe original skull from time to
time for reference.

In my experiments] oftenfoundthatsurfacenormalson the scannedkull geom-
etry do notalwaysbehae thewaythey should,re ecting theorientationof the surface
only very locally. It mightbe usefulto consideran averageof normalsin alargerarea
aroundthelandmarkpositionto solve this. Sometimesit would be desirableto adjust
the orientationmanually

Theinteractive systemallows for aniterative reconstructiorapproach:a modelis
producedquickly from a given landmarkcon guration, so landmarkscan be edited
repeatedlyuntil the desiredresultis obtained. The emphasin the interactioncom-
ponentmakesthe speedof the tting processanimportantissue. While the actual
calculationof the warp function andthe deformationof the meshare performedin-
stantaneous|yabout ve secondsireneededn thetestsettingona 1.7 GHz Pentium
Xeonto examineskull andskin for potentialinsertionof additionallandmarks.This
timeis for thelargestpartusedfor rayintersection®f theskull andskinmesheswhich
aredonein a bruteforce manner A big speed-uganbe expectedthroughthe useof
spacepartitioningtechniques.

For practicaluse, the facial reconstructiorsystemshould provide more editing
facilities for skin detailsandhair. Useful additionsinclude,for instance a choiceof
templatedor haircutsandfacialfeaturesuchaseyebrov shapesheardsandwrinkles.
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At this point, large-scalevalidationof the systemwould be necessaryo evaluatethe
usability of the system.

As TAYLOR writesin her book, the tissuedepthvaluesshouldnot be takenat
facevaluein three-dimensiondlacial reconstructionbut ratheractasguidesfor the
nal facial reconstructionwhich still reliesheavily onartisticskills andintuition. My
preliminarytestscon rm thatstrict adherencéo RHINE's datafor the solutionof the
interpolationproblemis too limiting. This indicatesnot a weaknessn the method,
but re ects the low numberof samples(between3 and 37 in eachgroup) and the
technicallimitations at the time RHINE assembledhis datatables. Giventhe current
stateof technology more samplesof higherprecisioncould be acquired,resultingin
much more comprehensie and usabledata. Ultimately, the computerbasedfacial
reconstructiorapproactcouldthenevenbecomesuperiorto thetraditionalapproach.

8.7 Discussion

The applicationspresentedn the previous sectionsshow the potential of the head
deformationframavork. The internal muscleand bonestructuresof a derived head
modelarerepresenteéh ananatomicallyplausiblemanney enablingtechniqueghat
useactualanthropometrigneasurementsn skin andskull to producea fully animat-
ablemodel.

As a usefulsideeffect of alwaysusingthe samegenericmodel,all derived heads
sharea commonparameterizationi.e., the sameset of muscles. Expressionsand
animationscan thus be transferredbetweenmodels,which hasshavn to work well
in practiceandis useful for building a commonexpressionand animationlibrary.
NoH [NNO1] haspresentec techniquefor transferof motionbetweendifferenthead
modelgeometries A dravback of thatapproachis thelossof the original animation
parametersij.e., the target model cannotbe controlled by the parameterarymore,
thus making modi cation of the transferredanimationdif cult. This doesnot pose
a problemwith my approach simplifying, for instance,incorporationof individual
characteristicef facial motion—suchasa particularway of smiling—intocannedan-
imation. Thereis someautomationpotentialfor dealingwith age-relatecanimation
characteristicdhasedon the muscleparameterizationfor instancefor ayoungchild,
facial musclemovementscanbeglobally scaleddown to accommodatéor thenot yet
fully developedabilitiesof expression.

Theresultsfrom the applicationgpresentedn this chapterindicatethatanthropo-
metricmodelingis afruitful approachandcanbeausefultool for artistsandscientists
alike. Still, moredetailed reliable,andpreciseanthropometrialatais needed Based
on the constraintresolutiontechniqueusedfor aging, presentedn Section8.5, new
facemodelingtools canbe devisedthat allow speci cationof facial featurerelations
accordingto age, s, ethnicity, body type, or other statistically capturedvariables.
Apart from the applicationsshownn, the basicdeformationtechniquecanalsoaid in
othercommontaskssuchasmorphingbetweeranimatecheadmodels.
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Rendering

Showmy headto the people,t is worth seeing
— GeogesJacquesDanton,to his executioner

The main contributions of this dissertatiorpertainto the modelingand animation
of virtual headmodels. Still, an animationsystemis not completewithout actually
visualizing the animatedgeometry—inthis case,in real time. The main dravback
of real-timeanimationis the relatively coarsemodel resolutiondictatedby the nu-
merical skin / tissuesimulation: even usingthe dual-processostratey describedn
Section5.6, no more than about2000 trianglescan be usedfor the skin. While, at
this level of compleity, the simulationthreadkeepsone CPU completelybusy, there
is still alot of capacityleft in therenderingthreadon the otherCPU. Thefacial com-
ponentseyes, teeth,andtonguecanthus be renderedwith high resolution: they are
simplegeometricobjectsthatdo not addto the computationaloadin the simulation.
It is desirableto likewiseincreasehe resolutionof the renderedskin geometrywith-
out addingcompleity to the physics-basednimation. This is achieved with several
stratgjiesin theanimationsystem:

hardware-acceleratethading;
displacedsubdvision surfaceon top of theanimatedacemesh,;

dynamicre nementof thegeometryduringanimation.

Theremaindeof this chapterdiscussesheseechniques.

9.1 Hardware-Accelerated Shading

The headmodelis in the simplestcaserenderedasa setof texturedtrianglesusing
OpenGL,wherethe texturesare generatedrom photographgseeSection5.5). To
improve the visual appearancef the skin surfacewithout diminishing performance,
the vertex programandregister combinerfeaturesof the NVidia GeForce3graphics
boardareemployedjn particular multitexturing usingthefour availabletexture units.
Theseunitsareassignedo:
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Figure9.1: Snapshobf ananimationgyebrovsraised.Left: plainOpenGLrendering;
right: with additionalreal-timeskin shading. The insetboxesare color-enhancedo
visualizethe differentskin structurebetterin print.

1. theskin colortexture;
2. abumpmapfor the skin surfacestructure codedin the RGB color channels;

3. anotherbump map for expressve wrinkles, plus a mask containingintensity
valuesfor the surfacestructurebumpmapin thealphachannel,

4. amasktexturethatcontainghreemonochromenasksfor speci cationof sepa-
ratewrinkle regionsviathecolorchannelsplusaglossmapin thealphachannel.

The bump map for the skin structureis computeddirectly from a synthetichuman
skin modelsimilar to the onepresentedby IsHII etal. [IYYT93]. Thecell-like struc-
ture givesthe skin a more de ned look, as can be seenin the right imagein Fig-
ure 9.1. For creationof the expressve wrinkle layout, the wrinkles are hand-dravn
into a separatémage,following the layout of the facein the skin texture. Fromthis
image,a bump mapis automaticallycreated.Hardwarebump mappingfor both skin
structureandwrinklesis implementedisingtheOpenGLNV.vertex _program and
NVregister _combiners extensions. The intensity of the skin structurebump
map canbe locally varied using an intensity map, which containsa scalarvalue per
texel to specifythedegreeto whichthebumpmappechormalshouldaffectthelighting
computation.Consideringthe non-uniformspecularityof facial skin, a glossmapis
appliedto specifylocal speculaicoefcients for the Blinn-Phongshadingmodel.

Thewhole procesds carriedout in a singlerenderingpasson the GeForce3. The
expressve wrinkles residetogetherin one bump map, divided into threedistinct re-
gionswith separatentensity control. The intensityof the foreheadpart of the bump
mapis directly connectedo the contractionvalueof the frontalis musclesjeadingto
corvincing wrinkles on the foreheadwhenthe eyebravs areraised,demonstratedh
Figure9.1. Also, theintensityof the furrows betweerthe eyebravs arelinked to the
corrugatorsupercilimuscleswhich pull theeyebravstogether All otherfacial wrin-
kleshave to residetogethetin thethird availablewrinkle region. Sincetheirintensities
cannotbe controlledindependentlythey are not linked to facial muscles. Without
resortingto multi-passrendering,separateontrol over, for instance the crow's feet
atthe eyesandthe wrinkles of the mouthareawill be possiblewhennewer graphics
boardswith moretexture unitsbecomeavailable.
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Figure9.2: Displacedsubduision surfaceheadmodelcreatedrom point cloud data.
Left: Pointcloudfrom scanne(thinnedfor thisimage);center:controlmesh tted to
the points;right: level 2 subdvision surface.

9.2 Displaced Subdivision Surfaces

Even though propershadingof a polygonalsurfacecan often deceve the eye suc-
cessfully it still falls shortof usingactualhigh resolutiongeometry The limitations
becomeobvious,for instanceatthesilhouetteof anobject.Also, thetypical Gouraud
shadingmodelwith Phongre ection attheverticesdoesnotdelivercrisphighlightson
low resolutiongeometry As notedabore, the simulationpart of the facial animation
systemdoesnot allow anincreaseof the resolutionof the animatedmesh. It is well
possible though,to increasethe resolutionof a separateendeed mesh,constructed
from theanimationrmeshandfollowing its deformationsThiscaneasilybedoneusing
subdvisionsurfaces.

Subdvision surface§ZS0Q have becomeincreasinglypopularin modelingand
animationdueto their ability to bridgethe gapbetweenpolygonmeshesandhigher
ordersurfacesSincethey areconstructedy repeatede nementof triangleor quadri-
lateralmeshesaup to an arbitrarily closeapproximationto their smoothlimit surface,
they alsoprovide an effective meansto control accurag andef ciency of rendering
in a systematiomanner A displacedsubdivisionsurfacestoresadditionaldetail in
the form of vertex offsetsin surfacenormaldirection[GVSS0Q LMHO0O0]. At every
re nementlevel, the surfacecanthusreveal moreand more surfacedetail. Givena
high resolutioninput scan,sucha surfacecanbe generatedutomaticallyby sampling
the scandata,asdescribecby JEONG etal. [JKHS0Z. The methodtakesasinputan
unstructurecpoint cloud thatis obtainedfrom rangescansof anindividual. A fully
automatedprocedurds usedto t the genericface meshof Section5.1 to this point
cloud,takingspecialcareto matchfacial featuressuchasearsandmouth. A hierarchi-
cal structureof displacedsubdvisionsurfacess thenconstructean top of thiscontrol
mesh approximatinghe input geometrywith increasingprecisionup to the sampling
resolutionof the input data. Figure 9.2 shows this constructiorprocesgor onehead
model.
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Figure9.3: Headmodelrenderedasstandardrianglemesh(left, 2030triangles)and
displacedsubdvision surfaceon thatmesh(right, 2 re nementlevels)

The subdiision surfacein this caseis constructedusing the Modi ed Buttery
subdvisionschemdZSS96]. Sincethisis aninterpolatingschemegisplacinga vertex
of the subdvision control meshcorrespondslirectly to the local changeof the limit
surfaceln thefacialanimationsystemthecoarseskinmeshsenesasthecontrolmesh
for the subdvision surface,and canbe efciently animated. The level of detail for
renderinghegeometnyis controlledseparatelypy choosinghere nementlevel of the
surface.For agivenlevel, thesupportof avertex in thecontrolmeshis known [ISD02,
ZSS97],and thus ef cient animationcan be achieved by only locally updatingthe
re ned meshstructure.In the currentimplementationthe algorithmdoesnot achieve
real-timeframerates but deliversabouttwentyframesperseconnal.7 GHz Xeon
PC. A comparisorof the standard coarseface meshrenderedusing plain OpenGL
with a subdvidedmeshis shavnin Figure9.3.

9.3 Dynamic Geometry Re nement

Insteadof constructinga full subdvision surfacejncreasedsmoothnessf the coarse
triangle meshfor renderingcan also be achiezed by addingonly local re nements.
In my approachre nementsare dynamicallyintroducedto the triangle meshasiit
deforms. Trianglesare split in a fashionsimilar to one or two stepsof Loop subdi-
vision [Lo087], but only in thoseareaswherethe meshis highly deformed. Since
thesere nementsareusedfor renderingonly andcanbe easilycomputedon the vy,
the original trianglemeshis not changed.This is advantageougor two reasons:rst,
the applicationdoesnt have to dealwith dynamicmeshconnectvity, makingintegra-
tion into the existing systema simpleplug-in operation.Secondthere ned triangles
are not retainedbetweenrenderedrames,so additionalmemoryusageis keptto a
minimum. Figure9.4 shavstheintegrationinto the facial animationsystem.

Themethodis basedn anexplicit reformulationof recursive adaptve re nement,
which conceptuallycanbeoutlinedasfollows:
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refine(region r:

c := curvature(r)

if (c > threshold)
subdivide(r, C)
for all sub-regions sin r

refine(s)

else

draw(r)

Evenif the tail recursionis attened by transformatiorinto a loop, two costfactors
remain: the curvaturehasto be evaluatedmultiple timeson the initial region (albeit
onsmallerandsmallerparts),andthe changegausedy a subdision stephave to be
storedin the geometrybeforethe subrgionscanbe examined(or temporarystorage
mustbeallocatedper subregjion on eachlevel of recursion).

By evaluatingthe curvatureonly once thesecostscanbeminimized.Basedonthe
outcome,up to two re nementsare performedin one step,thuseliminatingthe need
for storingthe alteredgeometryfor furtherevaluation:

refine(region r):
c := curvature(r)
if (c > threshold)
region s = subdividelor2 (r, c¢)
draw(s)
else
draw(r)

In the implementationthe re nement procedures appliedto the triangle meshjust

beforerendering,asshavn in Figure9.4. Eachedgeof the given deformedmeshis

examinedto decidewhetherit shouldbe split into two or more parts,causingsubdi-
vision of the adjacentriangles. It is assumedhat the quality of the triangulationof

the undeformedmeshis appropriatefor visualization. Thereforean edgeneedso be
split only if the curvatureof the surroundingmeshregion hasincreasediuringmesh
deformation.As a simpleandef cient test,| usethe dot productbetweenthe vertex

normalsat both endsof an edge. If this scalarvaluedropsbelow the valuethat has
beenprecomputedor theundeformedacegeometrythereis more“bending” andthe

edgeis markedfor splittingonceor twice (seeFigure9.5),dependingnthedifference
of thedot products.

initial geometry spring mesh deformed mesh refined mesh rendering

— o AN~
Figure9.4: Overview of the physics-baseéhcial animationsystemwith dynamicre-
nement module. Without affecting the internalstateof the simulationor the triangle

meshitself, re nementsarecomputedrom the deformedmeshandpassedo theren-
deringengine.




126

CHAPTER 9. RENDERING

Figure9.5: Exampledor split con gurations

The splitting criterion only usesthe vertex normalsof the existing nodesin the
mesh.More comple criteriacanbe usedaswell, for instancemeasuringliscretecur-
vatureon themesh[Tau95]. The vertex normaldot producthasprovento be sensitve
to thekind of deformationghatoccurin facial animation(seeFigure9.7). Addition-
ally, the criterion hasthe advantageof extremelylow evaluationcost, provided that
vertex normalshave beencomputedoefore.

Using the new degreesof freedomprovided by the split vertices,a smootherre-
triangulationapproximatingthe input meshis computed.For the smoothing,simple
localrulesareusedthatborrown from the subdvisionidea[KHS01g KHS02]. No new
verticesaregeneratedn theinterior of anoriginal triangle, thus avoiding evaluation
of new interior edgesandkeepingthe numberof possiblenew triangulationsnanage-
able. Theretriangulationis ef ciently createdby a tablelookup operation,asshovn
in Figure9.6. The resultingtriangle setis thenrenderednsteadof the original tri-
angle,while unsplittrianglesarerenderedasusual. Sincethe computedre nements
arenotinsertedinto the input mesh,undoingre nementsis not necessaryAlso, no
informationaboutsplitsis retainedbetweerframes.

In practice,integration of dynamicre nementinto the facial animationsystem
resultsin no noticeabledifferencein performance.This is not surprising,sincethe
computationaload is mainly causeddy the evaluationof the physicsmodelandnot
by therenderingstage.Figure9.7 shovs a detail of thedeformedmouthregion during
animation.Therenderedneshis visibly smoothedwith reducedshadingartifactsand
animprovedsilhouetteof the openedmouth.

9.4 Discussion

Theresolutionof the original meshis quite sufcient for facial animationin desktop
applicationswith the exceptionof well-de ned facial wrinkles. Goodresultsareob-
tainedhereusinghardware-supportedpmputationallycheapshadingechniquesFor
close-upsf highly deformableregionssuchasthe mouth,local dynamicmeshre ne-
ment can increasethe surfacesmoothnessigni cantly, andthushasa usein these

] o 9IS 113710,2,10) (24.6) (6,8,10) (2,6,10) =)

4 2 0

Figure9.6: A split triangleis re-triangulatedor renderingusingalookuptable. Each
split con gurationcorresponds$o 1 of 27 possiblecombinations.



9.4. DISCUSSION 127

Figure9.7: Snapshot$rom animationof a facemesh.Left: staticmesh(2030trian-
gles).Right: dynamicallyre ned mesh(2030-3120riangles).
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cases.This methodhasthe additionaladvantagef very simpleintegrationinto the
animationsystemandlow computationabverhead For thefuture,theuseof displaced
subdvision surfacesprobably hasthe most potential, especiallyoncethesesurface
typesare supportedn hardware.Currently using subdvision surfacesmplemented
in softwarethe systembecomessigni cantly slower andcanassuchnot be usedin
real-timeapplications.Still, usingdisplacementallows for geometricrepresentation
of very ne surfacedetail,which canbesimulatedonly to alimited degreeusinghard-
warebumpmappingandsimilartechniquesAlso, by adjustingthere nementlevel of
a subdvision surface renderingperformanceand quality can be elegantly balanced.
This enablesadaptationo the needsof the applicationaswell asto thecomputational
power of theavailablehardware.
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Conclusion

Your face,mythane,is asa book,whele menmayreadstrangematters.
—Wlliam Shakespear

I n this dissertation) have described virtual headmodelwith anatomicaktructure.
Themodelis animatedn aphysics-basethanneby useof musclecontractionghatin
turn causeskin deformationswherethesimulationis ef cient enoughto achieve real-
time framerateson currentPC hardware.Manual constructionof sucha structured
headmodelis adif cult task,whichis avoidedin my approactby deriving nev models
from a prototype,employinga deformationmethodthat reshapeshe completehead
structure Withoutadditionalmodelingtasks thisresultsin animmediatelyanimatable
virtual head. The generaldeformationmethodallows for several applications, rst
andforemostadaptatiorof a referenceheadmodelto individual scandatato produce
animatedheadmodelsof real persons. The deformationmethodis basedon facial
featurepoints,which leadsto otherinterestingusesvhenananthropometristandard
setof faciallandmarkds choseni have presente@lgorithmsfor simulationof human
headgrowth andreconstructiorof afacefrom askull.

Thefacial modelingandanimationsystemis usedin teachingat the Max-Planck-
Institut fur Informatik and provides a solid foundation for further exploration of
mary relatedresearchareas,someof which are currently investigatedin coopera-
tion with otherfacultiesof the Universitt Saarbiickenand af liated researchinsti-
tutions. Namely thesearethe Institut fur Computerlinguistik'speechanimation)and
the Institut fir Rechtsmedizir{facereconstructiorfrom skull data)at the Universitt
Saarbiicken,andthe Deutsches-orschungszentrurfur kiinstlichelntelligenz (emo-
tional animationwith synthesizegpeech).

The methodsandtechniquesiescribedare demonstrateddn humanheadmodels
in this dissertation. It is alsofeasibleto usethemfor othertypesof creatureswith
few modi cations in the constructionprocess.For a dragonhead,suchasshawn in
Figure10.1,ahumanskull is certainlyill-suited to “real” dragonanatomy A matching
skull modelcanbe hand-craftedor createdasanoffsetsurface pbtainedoy cuttingup
andsimplifying theinput skinmesh.Laying outthe musclesusingtheinteractive tools
describedn Section7.5,aprototypefor theclassof dragonmodelsis constructedThis
canthenbeusedto generatea family of variousdragon-shapeleads.

Since especiallythe animationpart of this work is hardto reproducein printed
form, I'd like to point the readerto the of cial project web page situated at
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Figure 10.1: Constructionof an animatablemodel from arti cial headgeometry
Clockwisefrom top left: Input meshwith eyesadded;approximatedskull anduser
designedmuscles;erce expressionsadexpression.

http://www.mp  i- sb.mpg.de /res our ces/ FAM/. In additionto currentin-
formation,thesite providesdemonstratiomovie materialcoveringmary of thetopics
in this text.

10.1 Future Directions

Dealingwith suchcomple subjectmatterasthe shapeand dynamicsof the human
face,l have by necessityfocusedon certainaspect®f facial modelingandanimation,
andneglectedothers.Concentratingon the openproblemstherearemary opportuni-
tiesfor directimprovementsaswell asbroaderissuegresentinghallengingresearch
topics. Judgingfrom the experiencewith the currentsystem the mostobvious areas
for neartermfuturework are:

Skin simulation: The systemis decidedlygearedtowardsreal-time animationand
thushasarelatively simpleskinmodel.Only elasticpropertiesareincluded,and
thechangesn dynamicbehaior of, for instancepld peoplesskinhave notbeen
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investigatedAlso, accuratdormationof wrinklesin geometryis notincludedin

theskin model. Effective formulationof amorecomple skin structurerequires
efcient numericalsimulation. Advancedintegrationschemesould pave the
way for animproved skin model.

Collisions: Collisionsof theskin with itself andotherpartsof the modelarevital for
reproductionof someeffects, for instance pressingthe lips togetheror having
(literally) the tonguein cheek. While collision detectionmainly raisesperfor
manceissuesproperreactionin arunningsimulationis a dif cult problem.

Animation control: Lifelike facial motionhasmary nuanceshatareextremelydif-
cult to put togetherby hand. The simple tracking mechanismsntroduced
in Chapter5.3 alreadyadd substantiallyto the naturalnessand credibility of
speechanimation. Re nementof the trackingtechniquesshouldallow for de-
tailed analysisof the componentof expressie animation,leadingto insights
that can be usedto improve animationresults. Animation experimentscanbe
easilyperformedwith the currentsystem allowing postulationandveri cation
of working hypothesesSomestepsn this directionhave alreadybeentakenby
researcherg.BB02, LM99, TW9O0].

Facial components: The existing facial componentgyes,teeth,andtongueareim-
plementedusing rathersimple geometricentities. Especiallythe eye models
desere improvementwith respectto a betterintegrationinto the face. From
lifelong experiencewith looking at other peoples'eyes, ary obsener senses
immediatelywhenthe eyes are not perfectly embeddedr the eyelids do not
smoothlyblendinto the facial skin. An importantpartof the headmodelthatis
completelymissingsofar is hair. Thisis avasttopic thathasit' s own dedicated
researcttommunitywithin computergraphic§MTHKOO].

Rendering: In this work, the skin shadingis essentiallyrestrictedto texturing with
hardware-acceleratdsimp mapping. For highly realistic renderingof facial
skin, effectssuchasself-shadwing, subsurfacescatteringandanisotropicre-
ection propertiesof skin mustbe takeninto account. High-quality rendering
algorithmshave traditionally beentoo expensve for real-timeapplications put
therapidprogressn graphicshardwarepromisesa steepincreasen achievable
realismin this areain thenearfuture.

In a broadeniew, oneof the recurringproblemsin building ary discretemodelof a
real-worldobjectis theuseof approximationandunknown variables.Theastonishing
compleity in detailthatone nds whentakinga closerlook atthe humanfaceseems
to renderary attemptat realisticsimulationfutile. Anotherlimiting factoris thelarge
amountof unknawns in facial anatomyand dynamics. Currentmedicalknowledge
doesnot allow detailed,completespeci cation of the changesn a moving face,for
instance the exact contractionbehaior of a muscle. Giventhis seeminglydesolate
situation,| still hopeto have demonstrateavith this work how evena systemworking
underreal-timeconstraintscanpro t from a modelbuilt on closeexaminationof the
realworld. With the currentstateof physics-baseéacial animation,maybethe most
importantand interestingquestionat this point is: which modelimprovementhave
a signi cant visual impact? For instance,s it reasonabléo extenda musclemodel
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to includeadvanceddynamicsor will theresultsimply not bevisible? An answerto
this questionrequiresextensie studiesof all aspectof the systemfrom anatomical
modeling,over numericalsimulation,to renderingandperceptionalssues.

10.2 Outlook

Thinking further, a realisticheadmodelis just one, albeit vital, part of a believable
virtual characterThecombinatiorof headandbodyis alogical progressionbut again
a non-trivial task: for instance pody languageandfacial languagearecloselyrelated
andmustbe choreographegroperlyto achiere a believable personality Interaction
betweerbodypartsandthehead(suchaswiping one'sbrow) mustbesupportedOnce
avirtual characteiis establishedcommunicatiorbetweemmultiple characterganbe
modeled enablingsocialactivities andvirtual societies.In the realmof humancom-
munication trusthasakey role,andonly truly believablecharactersvill beconsidered
trustworthy Sincemostessentiatommunicatiorin daily life is faceto face,we come
full circleatthispoint: realisticfacialmodelingandanimationis acornerstonéor real,
naturalcommunicatiorin avirtual space.Thetopicwill continueto provide mary re-
searchchallengedor quite sometime into thefuture,but asthe sayinggoes:“The joy
isin thejourney.”
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APPENDIX A

Glossar y of Medical Terms

This appendixists anatomicalanthropometricanda few generalmedicaltermsthat
areusedin themaintext. For sometermsthathave abroadegenerameaningherethe
explanationmostcloselyrelatedto headanatomyis given. Namesof facial muscles
areonly includedin the form of commonsynorymsto the nameusedin this text. A

completedescriptionof the musclesreferencedn this dissertationcan be found in

Chapterd. A list of namedor facial landmarksds givenin Figure8.1 (Section 8.2).

anatomy

anterior
aponeuosis

auricle
caninus
cartilage
cephalic
collagen

compessomaris
connectivdissue
corium

coronal plane
cranial
depiessorangulioris
dermal

dermis

elastin

epicranial aponeuosis

the study of structuresof the body and their rela-
tionships

in front

ary of the deeperandthicker! fasciathat attach
musclego bonessimilarto a attenedtendon

theexternalear
syn.levatorangulioris
translucentelastictissue;syn.gristle
pertainingto the head

proteinfoundin! connectvetissue for instancen
theskin

syn.nasalis
tissuethatholdsdifferentstructuresogether
syn.! dermis

syn.! frontal plane

pertainingto the skull

syn.triangularis

relatedto thedermis

syn.! corium; layer of the skin lying immediately
below theepidermisdividedinto thepapillarylayer
andthe! reticularlayer

aproteinthatis e xible andelasticwhenmoist, but
brittle whendry

syn.galeaaponeurotica
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epidermis

epithelium epithelialtissue

fascia

FrankfortHorizontal

frontal plane

groundsubstance

helix
horizontalplane
hypodermis
keratin

lateral

malar bone
matrix
medial
medianplane

melanin

mucousnembane

mucus

perioral

physiology
posterior

guadratuslabii inferioris

reticular
reticular layer

top layer of the skin, composedof several strata
(! stratum)

closelyaggr@ated tightly adherentcellswith very
little substancé&etweerthem;commonlyfoundon
the surfacesf thebodyandorgans

a band or sheetof brous tissuewhich connects
musclesandskin

standard position for anthropometric measure-
ments: the line connectingthe landmarksor (or-
bitale)andpo (porion)is maintainechorizontal

planethatlies at right anglesto boththe! median
planeandthe! trans\erseplane;dividesthe head
into front andbackparts

I' matrix; amorphousgel-like substancehat lls
thespacebetweerthe elementof the! dermis

theincurvedmaigin or rim of the externalear
syn.! trans\erseplane
syn.! subcutis

a protein that is the primary componentof the
I epidermis

away from themiddle,towardsthe outside
syn.! zygomaticbhone
intercellularmaterial

towardsthe middle,or inside

verticalplanethatdividestheheadnto left andright
halves

blackpigmentfoundin thepigment-bearingellsof
theskin

membranevhich lines passageandcavities which
communicatevith the exterior, habituallysecreting
' mucus

a viscid uid secretedby ! mucousmembranes,
which senesto moistenandprotect

in theareaaroundthe mouth

the studyof the functionsof the body structures
behind towardstherear

syn.depressotabii inferioris

forming anetwork

layerof denseconnectve tissueforming the deeper
partof the! dermis
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sagittalplane
sebaceougland

selum
septum
squamous
strati ed
stratum

subcutis
subcutaneous
supraorbital ridge
tendinous
transverselane

vertex

ary planeparallelto the! medianplane

small! subcutaneougland,which secretesnoily
semi uid matter composednostly of fat

fatty substancesecretedroma! sebaceougland
dividing partitionbetweertwo tissuesor cavities
coveredwith, or consistingof, scalesscale-like
layered

layer of the skin; eachstratumhasdifferentfunc-
tions

layerof connectve tissuebeneatithedermis
beneattthe skin

syn.superciliaryarch

pertainingto atendon

syn. horizontal plane, at right angleswith the
I medianplane; divides the headinto upperand
lower parts

thetop, or crown, of thehead
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APPENDIX B
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Thefollowing list containsall publicationghathave resultedrom the developmentof
thefacial modelingandanimationsystempresentedn this dissertationgitheraspart
of my own researctor building onit.
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