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Abstract

In this dissertation,I describea virtual headmodelwith anatomicalstructure. The
modelis animatedin a physics-basedmannerby useof musclecontractionsthat in
turn causeskin deformations;the simulationis ef�cient enoughto achieve real-time
framerateson current PC hardware. Constructionof headmodelsis easedin my
approach by derivingnew modelsfroma prototype,employinga deformationmethod
that reshapesthecompletevirtual headstructure. Without additionalmodelingtasks,
this resultsin an immediatelyanimatablemodel. The general deformationmethod
allowsfor several applicationssuch asadaptationto individualscandatafor creation
of animatedheadmodelsof real persons.Thebasisfor the deformationmethodis a
setof facial featurepoints,which leadsto otherinterestinguseswhenthissetis chosen
accordingto ananthropometricstandardsetof facial landmarks:I presentalgorithms
for simulationof humanheadgrowthandreconstructionof a facefroma skull.

Thecreationof computer-animatedhumanfacesisalong-standingandchallenging
problemsincethe early 1970s. Therearenumerousapproachesto facial animation,
but to this dayno general-purposesystemexists that solvestheproblemin a manner
satisfyingtheneedsof all practicalapplications.In themedical�eld, highly accurate
reproductionof a real headis requiredto enablewell-informeddecisionsin surgery
planning. Animation capabilitiesand computationtime arenot important. On the
other hand, realismis of minor concernin interactive dialog systemsor computer
games. Here, the animationmerely hasto look plausiblebut play in real time. A
real-life modeldoesnot needto be reproducedwith all subtletiesof facial shapeand
texture.

An obviousapproachto achievegeneralityis thesimulationof theinnerworkings
of a realface.High expectationsaretied to physics-basedsystems,wheretheultimate
goal is to have the full rangeof conformationandexpressivenessin the faceemerge
“naturally” throughprecisemodelingof theanatomicalstructureandaccuratesimu-
lation of tissueproperties.This hasso far only beenrealizedin parts,andno current
implementationcatchesall theintricaciesof thehumanface.

Traditionally, the computationalcost of physics-basedsimulationhasbeenpro-
hibitive for real-time facial animationon consumer-classPC hardware. This has
changeddramaticallyin recentyears,makingfasthigh quality animationpossibleon
currentdesktopcomputers.But, apartfrom the run-time issues,constructinga vir-
tual headmodelwith thecomplex structureof skull, muscles,andskin is non-trivial,
requiringartisticskills andtime.

Thissituationmotivatesmy dissertation:I proposeananatomy-basedvirtual head
model that is animatablein real time usingnumericalsimulationtechniques,driven
by an advancedfacial musclemodel. The simulationis ef�cient enoughto achieve
real-timeframerateson currentPC hardware.Manualconstructionof sucha struc-
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turedheadmodelis a dif�cult task,which is avoidedin my approachby deriving new
modelsfrom aprototype,employingadeformationmethodthatreshapesthecomplete
headstructure.Without additionalmodelingtasks,this resultsin animmediatelyani-
matablemodel.Thegeneraldeformationmethodallows for severalapplicationssuch
asadaptationof a referenceheadmodelto individual scandatato produceanimated
headmodelsof realpersons.Themethodsandtechniquesdescribedaredemonstrated
onhumanheadmodels,but they arealsoapplicableto othervirtual creatures,with few
modi�cations in theconstructionprocess.

The deformationmethodis basedon facial featurepoints,which leadsto other
interestinguseswhenan anthropometricstandardsetof facial landmarksis chosen:
usinga databaseof facial measurements,shapeattributesof the facecanbe changed
in acontrolled,meaningfulmanner. As anexample,I show how statisticallyplausible
growth of an individualheadfrom childhoodto adultagecanbe simulated.Further-
more,basedon known skull / skin distancerelationships,a facecanbeapproximated
from the skull geometry. Theseapplicationsdemonstratethe usefulnessof the ap-
proachoutsidetherealmof computergraphics,for instance,in theforensicsciences.

In summary, thekey contributionsmadeto the�eld in thisdissertationare:

� ananatomy-basedheadmodel: thehumanhead'smajorstructuralcomponents
arebuilt explicitly into its virtual counterpart:a �e xible skin surface, an ad-
vancedmodelfor virtual musclescontrollingtheanimation,anembeddedskull
to which skin andmusclesattach,aswell asseparatelymodeledgeometricob-
jectsfor eyes,teeth, andtongue. A mass-springsystemconnectsskin, muscles,
andskull. Additionally, a setof landmarks, de�ned on theskin andskull sur-
faces,is part of the model. The modelandassociatedalgorithmsenablereal-
time,physics-basedanimation.

� a generaldeformation method for the head model: all partsof the virtual
headstructurearereshapedsimultaneouslyusinga landmark-basedapproach;
theresultingmodelis immediatelyanimatablewith no furthermodelingsteps.

� creation of animatable headmodelsfr om range scandata: an algorithmis
presentedthatemploysthedeformationmethodfor adaptationof agenerichead
templateto scandata.

� simulation of human headgrowth: makinguseof landmark-basedanthropo-
metric measurements,the shapechangesof the humanheadfrom infancy to
adulthoodaresimulated.

� reconstructionof facesfrom skull data: I proposea techniquethatallowsfast
and�e xible modelingof facereconstructionsfrom a scannedskull. This has
applicationsmainly in theforensicsciences.



Zusammenfassung

In dieserDissertationbeschreibeich ein ein nach der menschlichenAnatomiestruk-
turiertesvirtuellesKopfmodell.DiesesModell wird physikbasiertdurch Muskelkon-
traktionenbewegt, die wiederumHautdeformationenhervorrufen;die Simulationist
ef�zient genug,umEchtzeitanimationaufaktuellerPC-Hardwarezuermöglichen.Die
KonstruktioneinesKopfmodellswird in meinemAnsatzdurch Ableitungvon einem
Prototypenerleichtert,wozueineDeformationstechnikverwendetwird,diediegesam-
te Strukturdesvirtuellen Kopfestransformiert.Ein vollständiganimierbaresModell
entstehtsoohneweitere Modellierungsschritte. Die allgemeineDeformationsmethode
gestatteteineVielzahlvon Anwendungen,wie beispielsweisedie Anpassungan indi-
viduelleScandatenfür die ErzeugungvonanimiertenKopfmodellenrealerPersonen.
Die Deformationstechnik basiert auf einer Mengevon Markierungspunktenim Ge-
sicht, waszuweiteren interessantenEinsatzgebietenführt, wenndiesemit Standard-
Meßpunktenausder Anthropometrie identi�ziert werden: Ich stelleAlgorithmenzur
SimulationdesmenschlichenKopfwachstumssowieder RekonstruktioneinesGesich-
tesausSchädeldatenvor.

Die ErzeugungcomputeranimiertermenschlicherGesichterist ein bereitsseitden
70er Jahrenbestehendesund nachwie vor herausforderndesProblem.Es gibt eine
Vielzahl von Ansätzenfür Gesichtsanimation,aberbis heuteexistiert kein universell
nutzbaresSystem,dasdieseProblemauf eineArt löst,die für sämtlichepraktischen
Anwendungenbrauchbarist. In der Medizin ist die präziseReproduktiondesrealen
Kopfesunumg̈anglich, um gut fundierteEntscheidungenin der Operationsplanung
treffen zu können.Animation und Rechenzeitsind hier nicht von großerRelevanz.
Andererseitsist Realismusnurvon mindererBedeutung,wennesum interaktiveDia-
logsystemeoderComputerspielegeht.In diesemFall mußselbsteinerealeVorlageim
Modell nichtmit allenFeinheitenderGesichtsformund-textur reproduziertwerden.

EinenaheliegendeHerangehensweisefür einuniverselleinsetzbaresSystemist die
Simulationder internenZusammenḧangeeinesrealenGesichtes.GroßeErwartungen
werdenhier an physikbasierteSystemegekn̈upft, wobei dashochgesteckteZiel das
“natürliche” HervorbringendeskomplettenSpektrumsmenschlicherGesichtsregun-
genund-formenist,erzieltdurchpräziseModellierungderanatomischenStrukturund
genauesteSimulationderGewebeeigenschaften.Diesist bislangnurin Teilenrealisiert
worden,undkeineaktuelleImplementierungwird derKomplexität desmenschlichen
Gesichtswirklich gerecht.

Traditionell ermöglichtendie zu geringenRechenkapazitätenkeineEchtzeit-Ge-
sichtsanimationmittelsphysikbasierterSimulationaufhandels̈ublicherPC-Hardware.
DieserZustandhatsichin denletztenJahrendramatischver̈andert,wodurchhochqua-
litativeAnimationauchauf Desktopcomputernmöglich wird. Jedochist, unabḧangig
von diesenLaufzeitproblemen,die KonstruktioneinesvirtuellenKopfmodellsmit der
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komplexenStrukturvonScḧadel,Muskeln,undHautein schwierigesundzeitaufwen-
digesUnterfangen,daskünstlerischeFähigkeitenvoraussetzt.

DieseSituationmotiviert meineDissertation:Ich schlageein anatomiebasiertes
virtuellesKopfmodellvor, dasunterVerwendungnumerischerSimulationsmethoden
in Echtzeitanimierbarist, angetriebendurchein neuartigesMuskelmodell.Die ma-
nuelleKonstruktioneinessolchenstrukturiertenvirtuellenKopfesist eineschwierige
Aufgabe,diein meinemSystemdurchAbleitungneuerModellevoneinemPrototypen
vermiedenwird, unterVerwendungeinerDeformationstechnik,die diegesamteKopf-
strukturverformt.Ohnezus̈atzlicheArbeitsschritteresultiertdarauseinsofortanimier-
baresModell. DasgenerelleDeformationsprinzipgestattetvielfältigeAnwendungen,
wie beispielsweisedieAnpassungeinesReferenzkopfesanindividuelleScandaten,um
animierteKopfmodellerealerPersonenzu generieren.Die in dieserArbeit beschrie-
benenTechnikenwerdenan menschlichenKopfmodellendemonstriert,sind jedoch
mit wenigenÄnderungenim Konstruktionsprozeßebensoauf künstlicheKreaturen
anwendbar.

Die Deformationstechnikbasiertauf im GesichtangebrachtenMarkierungspunk-
ten, was zu weitereninteressantenAnwendungenführt, wenn diesemit Standard-
Meßpunktenaus der Anthropometrieidenti�ziert werden:Mittels einer Datenbank
von GesichtsmessungenkönnenformgebendeAttribute desGesichtesin sinnvoller,
kontrollierterWeisever̈andertwerden.Als konkretesBeispielstelle ich die Simula-
tion desindividuellen Kopfwachstumsvon der Kindheit bis zum Erwachsenenalter
vor. Weiterhinkannein Gesichtausder GeometriedesScḧadelsunterKenntnisder
AbständezwischenHautundKnochennäherungsweiseabgeleitetwerden.DieseAn-
wendungendemonstrierendieNützlichkeitdesvorgestelltenAnsatzesauchaußerhalb
derComputergraphik,wie beispielsweisein derForensik.

Im folgendensinddie wesentlichenBeiträgedieserDissertationnocheinmalzusam-
mengefaßt:

� Ein anatomiebasiertesKopfmodell: Die wichtigstenstrukturellenKomponen-
tendesmenschlichenKopfessindexplizit in dasvirtuelleGegensẗuckintegriert:
Eine �e xible Hautober�äche, ein neuartigesModell für virtuelle Muskeln, die
die Animation steuern,ein eingebetteterSchädel, an den Haut und Muskeln
ankn̈upfen,sowie separatmodelliertegeometrischeObjektefür Augen,Zähne
undZunge. Ein Masse-Feder-NetzwerkverbindetHaut,MuskelnundKnochen.
Zus̈atzlichist eineMengevonMarkierungspunktenaufderOber�ächevonHaut
undScḧadelBestandteildesModells.DasModell unddie korrespondierenden
AlgorithmenermöglichenphysikbasierteEchtzeitanimation.

� EineuniverselleDeformationstechnik für das Kopfmodell: Die gesamtevir-
tuelleKopfstrukturwird mittelseinerauf denMarkierungspunktenberuhenden
Techniksimultanverformt; dasresultierendeModell ist ohneweitereArbeits-
schrittesofortanimierbar.

� Erzeugunganimierbarer KopfmodelleausScandaten: Ein Algorithmuswird
vorgestellt,derdieDeformationstechnikzurAnpassungeinesgenerischenKopf-
modellsanScandatenverwendet.
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� Simulation menschlichenKopfwachstums: Aufbauendaufanthropometrischen
Messungen,die ebenfallsMarkierungspunkteim Gesichtverwenden,werden
die Formver̈anderungendesmenschlichenKopfesvom Säuglingsalterbis zum
Erwachsenensimuliert.

� Rekonstruktion von Gesichtern aus Scḧadeldaten: Die von mir vorgestelle
Technikermöglichtschnelleund�e xible ErzeugungvonGesichtsrekonstruktio-
nenaufvoneinem3D-ScannererfaßtenScḧadeln.Anwendungenhierfür �nden
sichvor allemin derForensik.
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C H A P T E R 1

Intr oduction

I never forgeta face,but in your caseI'll beglad to makeanexception.
– GrouchoMarx

Every singlehumanfaceis unique– in its look, its shapeandproportions,aswell
asin thespeci�c waysof articulationandexpressionthataresocharacteristicfor an
individual. This simplefact is both theblessingandthecurseof computer-generated
facial animation. It' s a blessingbecausethe humanperceptualsystemcandealwith
a wide rangeof differentfacesin everydaylife. Theacceptableshapevariationsthus
allow for a largenumberof possiblevirtual faces,makingit easyto createa facethat
hasa recognizable,unmistakableappearance.In thehandsof a skilled animator, vast
distortionsof shapeandexaggeratedtiming of motioncanevenincreasetheperceived
realismof an animation,asLASSETER hasshown in his seminalpaperon the prin-
ciplesof animation[Las87]. However, the uniquenessof facescanalsobe a curse:
theef�ciency of theperceptualsystemenablespeopleto disambiguatefaceswith ex-
tremelysubtledifferences.Thismakesit hardto createavirtual facethatconvincingly
resemblesa realperson,especiallysomeonefamiliar. A deviation in eventhe tiniest
nuancein theshape,texture,or motionof thefaceis immediatelyrecognizedaswrong.

Thecreationof computer-animatedhumanfacesis a long-standingandchalleng-
ing problemsincethe early 1970s. As PARKE hasnoted[Par82], the morerealistic
animatedfacesare,themorecritical andlessforgiving thehumanobserver becomes.
Early facemodelscould beclearlyrecognizedasbeingarti�cial, while thedegreeof
realismthatcanbeachievedtodayoftenleavestheobserverwith anuneasyfeelingof
being“tricked” into a �a wed illusion. From this point of view, facial animationhas
actuallybecomeevenharder with theadvancesthathave beenmadeover theyears.

Therearenumerousapproachesto facial animation,all strugglingwith theenor-
mouscomplexity of thehumanfacein geometryandin motion.To thisday, nogeneral-
purposesystemexists that solvestheproblemin a mannersatisfyingtheneedsof all
practicalapplications.In themedical�eld, highly accuratereproductionof arealhead
is requiredto enablewell-informeddecisionsin surgeryplanning.Animationcapabil-
ities andcomputationtime arenot important.On theotherhand,realismis of minor
concernin interactivedialogsystemsor computergames.Here,theanimationmerely
hasto look plausible,but play in realtime. Evenareal-life modeldoesnot needto be
reproducedwith all subtletiesof facial shapeandtexture.

An obviousapproachto achievegeneralityis thesimulationof theinnerworkings
of a realface.High expectationsaretied to physics-basedsystems,wheretheultimate
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goal is to have the full rangeof conformationandexpressivenessin the faceemerge
“naturally” throughprecisemodelingof theanatomicalstructureandaccuratesimula-
tion of tissueproperties.PLATT andBADLER put this into wordsin 1981[PB81]:

“Analysisandsimulationof the facearebasedon theactualstructureof
theface.Therefore,any constraintsor peculiaritiesof therealfaceshould
appearwithin thesystem.”

This vision hasso far only beenrealizedin parts, and no current implementation
catchesall the intricaciesof the humanface. But the potential for continuousim-
provementis huge,oncean anatomy-basedframework is established:with medical
progress,more knowledgeabouthumananatomywill be acquired,leadingto more
accuratemodelsof thestructureof thehumanheadandof facialdynamics.Advances
in numericalalgorithmsandmorepowerful hardwarewill leadto moreaccuratesim-
ulationsandthusmoreconvincing animations.

1.1 Motiv ation

Traditionally, thecomputationalcostof physics-basedsimulationhasbeenprohibitive
for generationof real-timefacialanimationon consumer-classPChardware.Thishas
changeddramaticallyin recentyears,makingfasthigh quality animationpossibleon
currentdesktopcomputers.But, apartfrom therun-timeissues,constructinga virtual
headmodelwith the complex structureof skull, muscles,andskin is non-trivial, re-
quiring artisticskills andtime. This situationprovidesthemotivationfor my thesis:I
proposeananatomy-basedvirtual headmodelthatis animatablein realtimeusingnu-
mericalsimulationtechniques,drivenby anadvancedfacialmusclemodel.To reduce
the cumbersomework of model construction,a deformationtechniqueis presented
thatallows,for instance,adaptationof thecompleteheadmodelstructureto scandata
aswell asothermodi�cationsof headshape.All createdmodelsareinstantlyanimat-
able,unifying theusualstepsof modelingand“rigging for animation”.Theanimation
parametersaresharedbetweenmodels,thusenablingre-useof animationscripts.

Thestructuraldeformationtechniquetakesadvantageof existing anthropometric
knowledge. Using a databaseof facial measurements,shapeattributesof the face
can be changedin a controlled,meaningfulmanner. As an example, I show how
statisticallyplausiblegrowth of an individual headfrom childhoodto adult agecan
besimulated.Furthermore,basedon known skull / skin distancerelationships,a face
can be approximatedfrom the skull geometry. Theseapplicationsdemonstratethe
usefulnessof theapproachoutsidetherealmof computergraphics,for instance,in the
forensicsciences.
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1.2 Notation

Following is a list of the more importantnotationalconventionsin the text, mostof
which relateto themathematicalparts.

� Scalarsarewrittenin italics,usingupperandlowercaseLatin andGreekletters:
a; b;C; �; � . Integral quantitiessuchas“the numberof elementsN” arealways
denotedin uppercaseletters.

� Namesof scalarfunctionsarewritten in Romanface:f( � )

� Vectors,points,andvector-valuedfunctionsarewritten in lower case,bold let-
ters:a 2 R3; x (t).

� Vectorsarecolumnvectorsby default:x =

0

@
a
b
c

1

A = (a bc)T .

� To reduceclutter, insteadof writing e.g. x (t), the short form x is sometimes
used,whenthe function argumentis clearfrom the context, or x t whent can
assumeonly discretevalues.

� Matricesarewritten in uppercasebold letters:A ; B ; C.

� Setsarewritten in uppercasecalligraphicletters:A ; B; C.

� _x(t) and•x(t) denotethe�rst andsecondderivativeof x, respectively.

� Physicalunitsarewritten in Romanfont: kg, m, s.

� Codefragmentsaresetin typewriter font .





C H A P T E R 2

Applications and Expectations

I canthink of nothingmoreboring for theAmericanpeoplethanto haveto sit in their
living roomsfor a wholehalf hour lookingat myfaceon their televisionscreens.

– DwightD. Eisenhower

Before delving into the technicalitiesof facial animation,a thoroughlook at the
rangeof applicationsfor virtual facesis in order. As thequoteabove indicates,there
shouldbemoreto it thanjustputtingafaceonthescreen.In reallife, humanfacesplay
a major role in visualcommunication,especiallyin socialcontexts: we look at, listen
to, andtalk with many real faceseveryday. In addition,humanfacesaredepictedin
drawings,in themovies,or sculptedin stone.Possibleapplicationsfor facialmodeling
andanimationcanbeseenin all thesereal-life scenarios,although,many ideasmight
seemfar-fetchedconsideringthe currentstateof technology. Still, facial modeling
andanimationon the computeris alreadyemployedfor applicationsthat could not
berealizedwithout its computationalpower andvisualizationcapabilities.Giventhe
virtually endlesspotentialusesfor virtual faces,theattemptto assembleanexhaustive
list is probablyfutile. Instead,I will focuson whatseemsto bethe commonground
for all applicationdomains:visual communication.To clarify the differentpractical
requirements,I have picked a few examples—partlyalreadyrealized,partly still in
research—andgroupedthemaccordingto thesemodesof visualcommunication:

Examination: Here, the virtual face is merelybeinglookedat in termsof recogni-
tion or aestheticjudgment. While facial dynamicscan play a major role, for
instance,in recognizinga face,mostexisting applicationsheredealwith static
facemodels.

Monologue: A virtual headis talking to theuser, relatinginformation,andpossibly
alsoemotions,via theface.

Man / machinedialog: A virtual characterand the user interact. This requiresa
back-channelfrom theuserto thecomputerto enablea properreaction.

Immersive dialog: In anenvironment,whererepresentationsof realusersandvirtual
characterscoexist, differentdialog con�gurationsariseandoften changein a
dynamicmanner.
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This classi�cationshouldallow for somegeneralinsightsinto importantelementsof
successfulusesof virtual faces.In themorecomplex dialogscenarios,theconsidera-
tion of humancommunicationsskills becomescrucial: a dialogis alwaysexpectedto
follow certainrules.If thereis amismatchbetweenthesignalsandexpectedreactions
of oneor bothof thepeers,communicationcanbeseverelydisturbed.This chapteris
alsoaboutsuchexpectations.

2.1 Examination: Modeling and Manipulating Faces

To beableto observe a virtual face,it obviously hasto bemodeled�rst. Acquisition
of real-worlddataandmodelingoperationson the headgeometryarethe main con-
cernsin this category. Apart from purely artistic modeling,therearealsoimportant
applicationsin suchvital �elds ascriminologyandmedicine,which I will discussin
thefollowing sections.

2.1.1 Criminology

A largepartof law enforcementwork dealswith construction,identi�cation, andmod-
i�cation of facial imagesandmodels.To thisday, thiswork is largely carriedoutwith
thehelpof skilled artists.For instance,a crimevictim describesfacial featuresof the
felonto anartist,whodrawsandimprovesanimage,until theresultlookscloseenough
to the victim's mentalimage. A variationof this approachusesphotographs,where
templatesfor thethreemajorfacialregionsarecombined.This is alsoeasilydonewith
2D imageson a computer. Givena 3D facemodelwith a suitableparameterizationto
modify thelayoutof facialfeatures,thisapproachcanbefurtherre�ned andimproved,
ashasbeensuggestedby PARKE [Par82]. Theissueof facialparameterizationwill be
pickedup againin thenext chapter.

Whena person,especiallya child, went missing,therecan be large changesin
appearanceover time, which mayprevent identi�cation dueto outdatedphotographs.
It is thusimportantto modify attributesof the facein thepicture,suchasthehaircut
asa simple case. More dif�cult is the simulationof agechanges,which is usually
doneby an artist with the help of imageprocessingtools on the computer. A lot of
knowledgeaboutanthropometricfacialmeasurementsanddevelopmentduringgrowth
is neededhere.This kind of processingcanalsobeperformedon a 3D model,aswill
bediscussedin Chapter8.

Lastly, the remainsof a deceasedpersonmayconsistof nothingmorethana few
bonesanda skull. For identi�cation, it is commonpracticeto manuallymodel the
tissuelayerson topof theskull in clay, usingassumptionsabouttissuethickness,age,
weight, andother physicalattributesthat can be derived from the materialat hand.
Reconstructingthe face in this way, it is often possibleto identify the person,and
a comparisonwith picturessometimesshows a surprisinglygoodmatch. A virtual
counterpartof this facereconstructiontechniquewill alsobediscussedin Chapter8.

Forensicillustrationasdiscussedabove is still consideredanart form asmuchas
a scienti�c endeavor. A detailedstudyof the �eld canbe found in TAYLOR's text-
book[Tay01].
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2.1.2 Medicine

In themedical�eld, useof andresearchonvirtual headmodelsconcentratesmainlyon
pre-operative planning,for instance,in plasticsurgery. Successfulpredictionsof the
effectsof an operationcritically dependon anaccuratemodelof thehead,including
the materialpropertiesof hard and soft tissues. A realistic model requiresreliable
acquisitionof detailed,volumetricpatientdata.Volumescannershave limited spatial
resolution,dependingon their type(commontechniquesareCT, MRI, andPET),and
thedifferentscanningtechniquesalsovary in thetypeof tissuethey aresuitedfor. It
maythusbenecessaryto combineseveralscansinto onedataset.Givenenoughdata,
for a working modelof the headthe functionalcomponentsmustbe extracted,such
asskull, musclesandskin. To determinetheoutcomeof a surgical operation,highly
accuratesimulationof thebehavior of facialskin, thebonestructure,andothertissues
mustbeachieved.

From dataacquisitionover building the model to the simulation,many approx-
imationsare inevitably made,leadingto a signi�cant amountof uncertaintyin the
�nal system.For clinical applications,validationof simulatedresultsis thusof prime
importance—onlyif the resultscanbetrustedto be similar to theactualsurgeryout-
come,the simulationcanbe helpful in practicalplanning. Thesegreatdemandson
accuracy posea numberof hard researchproblemsand involve a large amountof
computations.In contrast,run-timespeedof the simulationis not critical, although
interactivity enablesusagein theoperatingroom.

2.2 Monologu e: Talking Heads

In the previous examplesthe virtual headmodel doesonly communicateits shape
andoverall appearance,andremainsmostly static. If contentis to be broughtto the
observer, theneedfor animationarises:a facecantalk to us by conveying emotions
andthroughthespokenword.

2.2.1 Movies

In recentyears,an increasingnumberof completelycomputer-generatedfull-feature
movieshaveappearedin theaters.As muchasin real-worldmovies,thefacesof actors
play acrucial role in thecreationof a rich atmospherethatcarriestheaudiencealong.
Thesomewhatmagicalquality of suspensionof disbelief is still thecornerstoneof a
successfulanimation.Not only highqualityrendering,but alsometiculousstagingand
timing areessentialhere. For instance,themuch-discussed2001feature“Final Fan-
tasy: The Spirits Within” [SM01] shows perfectrenderingandmodeling,including
theactors'faces.Still, thecharactersappearlifelessin animation,comparedto a tech-
nologicallyoutdated�lm like “Toy Story” [Las95],despitethedecidedlynon-realistic
look of thecharactersin thelatter. Therequirementson facial animationarein either
casevery similar: artistic freedomin sculptingandanimatingthe faceis imperative,
evenmoresoin cartoon-likeanimationor fantasy�lms. Facialexpressionsareoften
manipulatedon a frame by framebasis,to get exactly the right timing andmotion
neededby theartist to convey themessageof a scene.It is typical to work in a hierar-
chicalmanner, i.e., to roughout thebasictiming and�o w of a motionsequence�rst,
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andthenaddthedetails.High quality renderingis very important,wheremuchwork
goes,for example,into realisticshadingof skin andhair. This becomesincreasingly
critical themorethecharactersaresupposedto look like realhumanbeings:facesare
oftenshown in close-ups,wheresubtleinconsistenciesin appearanceor facialexpres-
sioncandestroythesuspensionof disbelief.Thistypeof animationis usuallyrendered
over weekson renderfarmsconsistingof possiblyhundredsof CPUs.

2.2.2 The Vir tual News Person

This is aclassicapplicationfor facialanimation.News-readingto anaudienceoverthe
television screenhasbeenconceivedvery early asan exampleusefor talking heads:
usually, news arereadin a neutralfashion,soemotional,expressive animationis not
predominant.More importantis convincing speechsynchronization[HPW88, LP87,
BS83], which also becomeseasierwith languagethat is not tinged by strongemo-
tions. Furthermore,thefaceis typically held in a relatively staticposition,facingthe
viewer frontally. Avoiding headandcameramovementsmakesimage-based2D ani-
mationpossiblein thisscenario.While theanimationscanbepre-renderedandplayed
backlater on, the ubiquity of the Web hasleadto a new breedof streaminganima-
tions: animationparametersaredeliveredcontinuouslyto the user's browser, where
a small applicationinterpretsthemand rendersthe �nal imagein a window. Com-
paredto streamingrenderedimages,this methodreducesthenecessarybandwidthto
just a fraction. Here,thequestionof a suitableparameterizationreappears:it should
be powerful enoughto allow ef�cient encoding,but the user-sideapplicationhasto
run stablywith low resources,so complex computationsto translatethe parameters
into renderedanimationframesare not feasible. Oneapproachto streamingfacial
animationhasnow beenstandardizedin theMPEG-4speci�cation[Koe02],enabling
independentproductionof contentandplaybackapplications,whichhaveusuallybeen
tied togetherby proprietaryprotocolsanddataformats.

2.3 Man / Machine Dialog: Responsive Character s

Successfulcommunicationbetweena humanbeing anda machineis a challenging
goal, and the size of the problemhas led to the rise of a dedicatedresearch�eld:
human-computerinteraction(HCI). Importantin thecontext of facialanimationis the
dialog betweena virtual faceanda real user, or the dialog betweenusersmediated
by virtual faces. One of the main issuesin any suchdialog setting is the lack of
informationthatthecomputerhasaboutuseractions,makingit hardto generateproper
responses.

2.3.1 Games

Computergamessharesomeof the qualitiesof animatedfeature�lms, as they are
telling a story and attemptto createan immersive setting. In real-timegames,the
highestpriority liesontheinteractivity andthesmoothnessof animation.In contrastto
�lm, thequalityof facialanimationin a gameis thusdrivenby theavailablehardware
resources,animportantfactorbeingthegraphicsboard,which is usedfor accelerated
rendering. Given the technologicalprogressin both hardwareand software,game
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graphicsareconstantlyimproving, and it is conceivable that cinematicquality will
be reachedin the nearfuture. A trendthat canalreadybe observed is the increasing
replacementof pre-renderedcut sceneswith scriptedanimationsplayedbackwith in-
gamegraphics.Gamesoftenusecomputationallycheap,relativelysimplemechanisms
on coarsepolygonmodelsto achievereal-timefacialanimation.

2.3.2 Dialog-Based Interfaces

As of today, interfacingto a computeris far from resemblinga normaldialog situa-
tion. Usinganautomatedtellermachine,for instance,is verydifferentfrom talking to
aclerkat thebank.In dialog-basedapplications,it is importantto considerhumanex-
pectationspertainingto themechanismsof aconversation,suchaspropersignalingand
reactionto signals.Correctinterpretationof theuser's inputby thecomputeris highly
dependenton themachine's input communicationchannels.Currently, mostcomput-
ersemploythedesktopmetaphorto provide a virtual work environment.The limita-
tionsbecomeobviouswhena lot of informationneedsto beexchanged—typicallyby
meansof clicking dialogwindow buttonsandenteringtext, sincetheinputchannelsof
adesktopcomputerarelimited to a keyboardandamouse.Thesearchfor other, more
naturalandrichermeansof communication,hasled to theadventof speechreproduc-
tion andrecognitiontechnologies.Researchon conversationalinterfacespromisesto
makesuchspeechinterfacesmorelifelike andbelievable[Lai00]. Studiesindicatethat
multi-modalinterfaces,which supporttheaudiowith ananimationof a talking head,
canenhancethedialog.Ontheotherhand,aninterfaceincorporatingaudioandvisual
imagescanleadto far moreacceptanceproblemsthana purely text-basedsystem:if
the illusion of humanbehavior cannotbe heldup convincingly, feelingsof disbelief,
deception,andboredomcaneasilyappear.

Consideringnot only faces,but completecharacters,experimentswith embodied
conversationalagents[CBB+ 99,CB00] haveshown thattheinteractionbetweenman
andmachinecanbe madenot only morepleasant,but alsomoreeffective by letting
the computermimic typical humancommunicationbehavior. Among the conversa-
tional skills an agentemploysto createan atmosphereof trustarereferralsto earlier
encounters,exposingdetailsaboutoneself,andbeinga good listener. With a com-
pletecharacter, it is alsovery importantto keepbodylanguageandfacial expressions
consistent.

2.4 Immer sive Dialog: Inhabited Vir tual Worlds

Computer-controlledcharactersandrepresentationsof real users,known asavatars,
coexist in virtual environments.Two or morevirtual characterscanbe engagedin a
dialogamongthemselves,a virtual characteranda usermaytalk with eachother, or a
groupof usersmaycommunicatethroughtheir virtual representations.STEPHENSON

hasdevelopeda futuristic vision of theavatarscenarioin his in�uential novel “Snow
Crash” [Ste00], wherehe describesa nearly seamlessintegration betweenreal and
virtual worlds. Sofar, only very limited variationsof thethemehave founda placein
reality, two of which I will discusshere.
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2.4.1 Collaborative Work Envir onments

A groupof distantco-workerscanbebroughttogetherfor working on a projectusing
a sharedvirtual space.This is essentiallyanextensionto teleconferencing,wherethe
participantsare representedby avatarsin the virtual space,and they may not only
communicateto exchangeideas,but alsojointly accessdocumentsor objectsin the
environment. Most naturally, eachpersonis representedwith his or her own face,
which raisesthequestionof how anacceptablereproductionof anindividual facecan
beachievedwithout toomucheffort. Easeof useis critical in theseapplications,since
an overly complex setupor awkward controlsmay lead to rejectionof the system.
A very dif�cult problemis thecrediblereproductionof a person's typical expressions
andgestures.In addition,thenetworkednatureof avirtualenvironmentraisespractical
issues:animationsmustbe transferredto anddisplayedon a numberof workstations,
if possiblein real time. Compressiontechniquesand ef�cient coding of geometry
andanimationarevital here.This is morecomplex thanin thenews personscenario
discussedbefore,sincethe environmentis highly dynamic: naturalcommunication
betweenevenonly two participantsthroughtheirvirtual facerepresentationshasto be
very quick andaccurateto avoid latenciesandmisinterpretationsthatwould give the
dialoganawkwardfeeling.

2.4.2 Social Spaces

Collaborationin a groupof peopleis anactivity that is oftenmorein�uencedby per-
sonalfeelingsandsocial issuesthanby the taskat hand. Thus, collaborative envi-
ronmentshave muchin commonwith virtual socialspaces,the graphicalequivalent
of text-basedchatrooms.Focussedon suitability for homeuse,thedemandsandre-
strictionson suchsystemsareeven greater. Dataacquisitionfor capturingindividual
appearancehasto be cheap,simple,andfast. On homedesktopcomputers,quality
lossesin renderingandanimationareacceptablein favor of interactive execution,re-
quiring adaptationto local computationalresources.The quality thresholdis at the
level of recognizability, but in a puresocial context the vanity aspectshouldnot go
unmentioned:peoplewant to look goodeven in virtual reality. Of course,fantasy
modelsandfamousactors'facesalsohave their part in this, for anonymity or thefun
of masquerade.

2.5 Summar y

As can be seenfrom the above examples,the existing andpotentialusesfor facial
modelingandanimationspana widerangeof scienti�c andartistictopics.Depending
ontheapplicationcontext, realizationof afacialanimationsystemrequiresknowledge
from suchdiverse�elds asstory-telling,psychology, biology, physics,medicine,de-
sign, andof computerscience.In the computergraphicsdomain,the challengesin-
cludeproblemsfrom geometricmodeling,rendering,animation,numericalsimulation,
interactiontechniques,andsoforth. Thesystemrequirementsvarygreatlywith thetar-
getedapplication.Thevarietyof facialanimationtechniquescurrentlyin existenceare
examinedin thenext chapter.
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State of the Ar t

Wearecontinuallyfacedwith a seriesof greatopportunities
brilliantly disguisedasinsolubleproblems.

– JohnW. Gardner

Bringing animatedfacesto the computerscreencontinuesto be an active areaof
researchsincePARKE published�rst resultson the topic threedecadesago[Par72].
While impressive progresshasbeenmadein themeantime,both technologicallyand
methodically, theproblemcanstill notbe�led assolved.Theapproachesto modeling
andanimationof facesdocumentedin theliteraturearediverse,asmany sub-problems
speci�c to the variousapplicationareashave to be dealtwith. TERZOPOULOS and
WATERS have describedthe processof facial animationfor their system[TW90] as
goingthroughahierarchyof abstractions,translatingveryhigh-levelanimationrecipes
into renderedimages.Generalizingfrom thisdescription,acommonprocessfor facial
animationcanbelaid down in � ve stages:

1. Expression: Facialexpressionsand/ or phonemesof speci�c intensityandduration
arespeci�ed.

2. Control: Expressionsareconvertedto a setof animationparametervalues. Pho-
nemesaremappedto theirvisualcounterparts,visemes,whichcanbeexpressed
asanimationparameters.

3. Simulation: The facial animationparametersareinterpreted,potentiallyperform-
ing complex computationsbasedon an internalheadmodel. The modelmay
incorporateknowledgeabout,for instance,humananatomyor facialdynamics.

4. Geometry: Thegeometricmodelof theheadis updatedaccordingto theresultsof
thesimulation.Partsof ananimationcanbecarriedout purelyon thegeometry
level, by interpolatingbetweenneighboringsimulationresults.

5. Images: Thegeometryis �nally rendered.

The complexity of eachof thesestagesvariesgreatly with the particularanimation
approach.For instance,the simulationandgeometryprocessingstagesfor an algo-
rithm basedon 2D imagesmight reduceto selectionof theright imageto display. On
theotherhand,in a full-�edged physics-basedsystem,thesimulationpartcanbeex-
tremelycomplex. Sincemodelpropertiesandanimationtechniquearetightly coupled,
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mostpublishedmethodsproposeintegratedsolutionsfor modelingandanimation,of-
ten combiningseveral old andnew approaches.In this survey of the existing body
of work I will attemptto discussthedifferentproblemareasoneby one,which may
leadto severalmentionsof somepublicationsdueto their integratednature.To keep
thesizeof this chaptermanageable,I restricthereto rathergeneraltopicsandissues
of facial animation.Researchthat is relevant to speci�c sub-problemstreatedin this
dissertation,for instance,on faceaging,or numericalintegration,is discussedin the
correspondingchapter.

3.1 Animation of 2D Images

The standardgraphics-enabledworkstationusesa �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�cationof fea-
tureson thefaceimagethatis to beanimated[BN92]. Subtlechangesin detail that in
reality accompany facialexpressionsarenot includedin sucha warpedimage.L IU et
al. [LSZ01] capturethechangesin illuminationon oneperson's facewhenmakingan
expression,andmapthesedetailsonto another, possiblywarped,photograph.While
this methodshows substantialimprovementon morphsof still imagesof faces,it is
notdirectlyusablefor animation.A hybridbetweenimage-basedandgeometry-based
methodsis theDECfacesystem[WL93], which mapsa frontal photographontoa 2D
polygonmodelcomprisedof 200polygons.

Insteadof still pictures,�lmed sequencescanalsoserve asinput to a facial ani-
mationsystem.BREGLER et al. [BCS97] stitch togetherimagesfrom video footage
of a speakingactor to createanothervideo that shows the actor mouthingnew ut-
terances.New framesarecompositedfrom the existing material,choosingthe best
availablematchif a particularphonemecan't be exactly visualized.Building on the
sameidea, EZZAT et al. [EGP02] usea multidimensionalmorphablemodel to syn-
thesizenew mouthcon�gurationsnot presentin the input data,leadingto improved
results. BRAND et al. [Bra99] useinput video footagewith audioastrainingdatato
generatefacial animationparametersfrom new audiosequencesthat canbe usedfor
warping2D imagesaswell asfor driving geometricmodels.

A big advantageof image-basedmethodsis theirconceptualsimplicity: if aphoto-
graphor videofootageis used,theresultis inherentlyphoto-realistic,andnomodeling
of thedifferentpartsof aheadis required.Thepriceis thelackof freedombothfor the
viewer andthemodelitself: a changeof posturethat requiresappearanceof features
invisible in the input, suchas the teethor wrinkles, cannotbe donewithout further
modeling. Likewise, a changein lighting conditionsor realistic embeddinginto a
three-dimensionalenvironmentis not possible.Applicationsfor this kind of anima-
tion lie in user-interfaceagents,properlip syncin dubbedmovies,or thevirtual news
person.
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3.2 3D Head Modeling

Due to the limitations of two-dimensionalimagemanipulationtechniques,most of
theexistingwork on facialanimationandmodelingfocuseson three-dimensionalani-
matedgeometry. Modelingandanimationareoftencloselyrelated,becausetheanima-
tion techniquestypically requireacertainmodelstructure.Dependingontheapproach,
this structurecanbehighly complex. Modelingconcentratesmainlyon representation
of theskinsurface,sincetheskincomprisesthelargestvisibleareaof theface,andalso
is subjectto large deformations.Nonetheless,the otherpartsof a headsuchaseyes
andteethneedto bemodeled,too. A three-dimensionalgeometricmodelis in practice
limited in resolution,andthereproductionof subtledetail,notablyfurrows andwrin-
kles, is often problematic.Commonly, geometricheadmodelsarethusimproved by
textures.

Themostsuitablegeometricrepresentationandmodelingmethodfor aheadmodel
dependsontheapplicationcontext andquality requirements:is aprecisereproduction
of anexistinghumanfaceneeded,asynthetichumanface,or a fantasycreature?Does
theanimationrun in real time or is it precomputed?Especiallyin interactive or real-
time approaches,trianglemeshesor quadmeshesarecommon,while for high quality
renderingsplinesurfacesandsubdivisionsurfacesareoftenused.

3.2.1 Modeling Synthetic Human Faces

Headmodelsthathave no counterpartin reality areusuallypreparedmanually, using
commercialmodelingpackages.Anotheroption is physicalsculptingof a prototype,
which is thendigitized. For synthetichumans,thepossibleandplausibleshapevari-
ationsare limited, motivating methodsthat modify a genericheadmodel. PARKE's
[Par82]polygonalfacemodelhasseveralconformationalparametersto adjustthesize,
shape,positioning,andcolor of thevariousfacial features.As PARKE notes,thereis
little theoreticalfoundationfor the chosensetof parameters,andhe doesn't claim it
to be ideal or even complete.The meshfor his facemodel is hand-tunedfor proper
animation,in sofar asmorepolygonsareinsertedin areasof strongdeformation,and
edgesarecarefullyalignedto facial featuresto controlwrinkling of thesurface.An-
otherproceduralapproachto synthesisof plausiblesynthetichumanheadswith realis-
tic proportionshasbeenpresentedby DECARLO et al.[DMS98]. Theheadgeometry
is representedby a B-splinesurface,which is deformedaccordingto anthropometric
constraints,takenfrom existing statisticaldata.Themethodis demonstratedon static
modelswith no animationcapabilities.

3.2.2 Modeling Real People

The bulk of thework in facial modelingfocuseson replicationof headsof realpeo-
ple. This requiresacquisitionof skin geometryeither from photographs,3D range
scanners,or volumescanners.Generally, increasedaccuracy comesat theexpenseof
substantiallyincreasedhardwarecost,andrequireslongerandmorecomplex acquisi-
tion procedures.

Apart from the skin, importantpartsof a complete,animatableheadmodelare
eyes, teeth,andtongue. Thesepartsaretypically modeledasgenericobjectswhich
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have to be alignedto the headmodelgeometry[Par82,LTW95, MGR00]. Though
advancedmodelsfor thetongueandthelips havebeenproposed[GMTA+ 96,KPO00,
KP00], their shapeandappearanceareusuallynot acquiredfrom realpersons.

Photographs

Much researchhasgoneinto generationof 3D modelsfrom photographsasa cheap
andwidely availabledatasource.BLANZ et al. [BV99] usean extensive databaseof
scannedheads,whichwasbuilt up from 200subjectsby acquiringfacegeometrywith
a rangescanner. Fromthe data,a facespaceis derivedby statisticalanalysis,where
eachpoint in thespacerepresentsa face. Givena photograph,analgorithmsearches
for the faceshapeandtexture that bestresemblesthe portrait. The generatedstatic
modelis adense,texturedmeshof scanresolution.PIGHIN etal. [PHL+ 98] deforma
genericmeshmodelto adaptit to photographstakensimultaneouslyfrom multipleun-
calibratedviews,in practiceusing� vecameras.In all theviews,asetof featurepoints
correspondingto a subsetof the facemeshverticeshasto be interactively marked.
Giventhecorrespondences,theposeof theheadandthe3D positionsof themarked
featuresarerecovered,andthedeformationof theprototypemeshiscomputedby scat-
tereddatainterpolation.Theresultingmodelis texturedusingthesamephotographs.
In a simplervariantof this approach,a coarsepolygonalheadmodel is constructed
from a frontal anda sideview of a person[LMT00, LWMT99], likewisedeforminga
genericpolygonmeshprototype.

Range Scans

The geometryof a facecanbe acquiredwith much higher resolutionandaccuracy
usingrangescanningdevices. A detailedintroductioninto the procedureandprob-
lemsof dataacquisitionusingrangescannerscannotbe given here. An overview of
commontechniquescanbe found in KOBBELT et al. [KBB+ 00]. Meshesgenerated
from rangedataareusuallymuchtoo densefor real-timeanimation,dueto thehigh
resolutionof modernrangescanners.While in principle meshdecimationmethods
canbeappliedto obtaina meshresolutionsuitablefor animation[CMS98], muchbet-
ter resultsareachieved by adaptinga genericheadmodelto thescandata,makingit
alsopossibleto skip initial meshgenerationfrom thescans.Theapproachpresented
by LEE et al. [LTW95] usescylindrical Cyberwarerangescandata.Using theinher-
ent planarparameterizationof suchscans,a �attened genericfacemeshis �tted in
theplaneto featuresof the texture,obtainingthe �nal vertex positionsfrom the cor-
respondingdepthmap. The moving facial partseyeballs,eyelids, teeth,andtongue
aremodeledasseparategeometricentities. MARSCHNER et al. [MGR00] alsostart
outwith laserrangescansandconstructasubdivisionsurfacewith displacementmaps
fromthatdata.Thesubdivisionsurfaceisconstructedonagenericcontrolmesh,which
is �tted to the scandataby continuousoptimizationover vertex positions.The �nal
meshis generatedby subdividing thecontrolmesha numberof timesandcomputing
displacementsalongthevertex normals.Noteworthy in MARSCHNER's work is also
a genericeye model,which is matchedto andstitchedinto thefacemeshto achieve a
seamlessblend.
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Volume Scans

In medicalapplications,volumescansarethepreferredmethodof headgeometryac-
quisition,allowing to obtaininsightsinto theinternalboneandtissuestructure.Typi-
cally datafrom computedtomography(CT) or magneticresonanceimaging(MRI) is
used.If surfacedatais additionallyacquiredusinga rangescanner, it mustberegis-
teredto thevolumedataset[KGC+ 96,KGPG96]. This segmentationcanusuallynot
beperformedfully automatically, andis thusaidedby interactive procedures,requir-
ing a lot of experienceon thesideof theuser. Hardandsoft tissuescanbeseparated
by segmentation[DCH88]. For simulationof facial surgery, KOCH et al. [KGC+ 96]
connecta facemeshto thebonestructureobtainedfrom CT data.In asimilarcontext,
AOKI etal. [AHTN01] constructagenericheadmodelincludingskinsurfaceandskull
structurefrom CT data.For eachsubject,two x-ray imagesanda frontal facial image
aremarkedinteractively with landmarks.Thegenericmodelis thenadaptedto these
images.

3.3 Rendering Faces

Whatevermethodis usedfor modelinga face,�nally it hasto beshown on thescreen.
In mostreal-timesystems,polygonmeshesareusedfor renderingheadmodels,en-
hancedwith textures from photographs[LWMT99, LTW95, PHL+ 98, GGW+ 98].
PIGHIN et al. [PHL+ 98] notethat theconstructionof a singletexturemapfrom mul-
tiple photographicviews leadsto slightblurring dueto resamplingandregistrationer-
rors. They improve renderingresultsby mappingandblendingtheinput photographs
in a view-dependentmannerduringruntime. Sinceuntil very recentlybumpmapping
wastooexpensive to becarriedout in realtime [TCRS00],subtledetailsuchasfacial
wrinklesis oftensimulatedby additionalcolor textures[LWMT99, WKMMT99]. For
controlof renderingspeedversusquality, level-of-detailmethodshavebeenappliedto
animatedfacesbuilt from polygons[SMT00].

In lesstime-constrainedsettings,the aremore possibilities for improvementof
skinappearance.WU etal. [WKMMT99] provideseveralrenderingoptions,enabling
bump mappingor displacementmappingfor morerealistic renderingof wrinkles or
skin micro structure.DEBEVEC andMARSCHNER acquirethere�ectance�eld of fa-
cial skin [DHT+ 00, MWL+ 99,MGR00]undercontrolledlight. Sinceaphotographed
faceis alwayslit accordingto thespeci�c conditionsunderwhich theimageis taken,
mucheffort is put into removal of lighting information,sothata facecanberendered
undernew, simulatedlighting. Whensyntheticfacesaremodeled,this typeof captur-
ing problemsis notpresent,butgreatcarestill hasto betakentoachieveskinrendering
with naturalappearance,especiallyin movie production[A+ 01].

In non-real-timesettings,facial wrinklescanberepresentedin thegeometry. V I-
AUD et al. [VY92] constructexplicit bulgesalong isoparametriclines of the spline
surfaceusedfor thefacemodel.Creasesandwrinklescanalsoelegantlybesupported
when a subdivision surfacemodel is used[DKT98]. Smoothscalar�elds can also
beconstructedon sucha surface,which is usefulfor parametrictexturemappingand
proceduralshaders.
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3.4 The Parameterization Problem

Giventhegeometricrepresentationof a headmodel,thequestionariseshow theani-
mationshouldbe controlled. Seenfrom the implementationside, the mostobvious
methodis directmanipulationof thede�ning parametersof thegeometry, i.e.,thecon-
trol pointsof a splinesurface,theverticesof a polygonmesh[Par72],etc. This tech-
niquegivestheanimatormaximumcontrol,andis thusstill widespreadin theartistic
domain.On theotherhand,composingfacial expressionsin thismanneris extremely
cumbersomeandrequiresa lot of knowledgeaboutthepossiblecontortionsof faces.
Unexperiencedusersareataloss,becausethecon�gurationspace(thenumberof pos-
siblevertex positions)isvirtually in�nite, but thenumberof meaningfulcon�gurations
thatcorrespondto facialexpressionsis verysmall.

Thisexplicit poseconstructioncanbeeasedby capturingexpressionsdirectly from
realindividuals[PHL+ 98, BV99] andconstructingnew expressionsbyblendingvertex
positionsin between.If arangescanneris usedfor capture,only faceposturesthatcan
be staticallyheldcanbe acquired.Therangeof expressionsthat canbegeneratedis
determinedby theextremesof thecapturedposes,sosomelossof generalityhasto be
expectedin this approach:thereis no theorythat con�rms theexistenceof a baseof
faceposesfor thecompletespaceof facialexpressions.

As PARKE hasnotedearlyon[Par82,Par74],it takesmuchlesseffort toproducean
animationif, insteadof workingonthegeometryde�nition level, asuitableparameter-
ization is used.Anotherbene�cial effect of usingparameterizedmodelsis improved
compressibility:a small numberof parametersspeci�es a completeexpression.By
transferringonly theseparametersinsteadof a completeimageor facialgeometry, an
animatedfacecanbequickly transmittedover a low bandwidthchannel[Par82]. This
ideais re�ected in thefacialanimationpartof theMPEG-4Standard[Koe02].

3.4.1 What is a Good Parameterization?

Whencreatinga parameterizationfor facialanimation,anumberof importantaspects
have to beconsidered:

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

Restriction: Canonly meaningfulcon�gurationsbebuilt with theparameterization?

Interpr etation: Is theeffect of theparametersintuitiveandclearto theuser?

Size: Whatis theminimumsizeof a usefulparameterset?

Developingan optimal parameterizationis dif�cult. As PARKE writes [Par82], there
aretwo basicapproaches:de�ning adhocparameterssupportingdirectcreationof the
desireddeformations,andon the otherhand,deriving parametersfrom the structure
andanatomyof theface.

Eventually, the usefulnessof a parameterizationis limited if it is not �e xible
enoughto form the completerangeof facial expressions.Accordingto thepsychol-
ogistsEKMAN andFRIESEN, thereareabout55000differentiablefacial expressions,
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which convey roughly 30 differentmeanings[EF77]. The so-calledprimary expres-
sionssignalemotions:anger, disgust,fear, happiness,sadness,andsurprise.EKMAN

andFRIESEN have systematicallycollectedandanalyzedfacial expressions,andde-
velopedtheFacial ActionCodingSystem(FACS).This systemis basedon activation
of facialmusclesandthusindependentof culturalor personalinterpretations.Expres-
sionsaremodeledby 66 Action Units (AU), eachof which describesthe activation
levels of oneor moremuscles.The AUs aregroupedby musclelocationinto upper
andlower face,andby directioninto vertical,horizontal,oblique,andorbital. A third
groupincludesmiscellaneousactionssuchasjaw grinding,headmovement,andeye
rotation. The valueof FACS for facial animationsystemslies in the validationpo-
tential: thequality of a parameterizationcanbe evaluatedby trying to reproducethe
expressionsasspeci�edby FACS.

Theparameterizationsfoundin currentfacial animationsystemsmodeleitherthe
visible featuresor theunderlyingmusclestructureto varyingdegreesof realism.Both
typesarediscussedin thefollowing.

3.4.2 Feature-Based Parameterization

In hisparameterizedfacemodel,PARKE [Par82] usesexpressionparametersto control
theanimation,includingeyelid opening,eyebrow position,eyedirection,jaw rotation,
upperlip position,andmoutharticulation.A differentsetof conformationparameters
is usedto shapetheheadmodel.Theseparametersincludeneck,chin,andcheekbone
shape,eyeballsizeandposition,jaw width, andnoselength.Building on thissystem,
COHEN andMASSARO useparameterscontrolling tonguelength,angle,width, and
thicknessfor realisticspeechsynthesis[CM93]. In both systems,the facegeometry
is directly distortedby adjustmentof the parameters.Interestingly, eachparameter
speci�esaninterpolationvaluebetweentwoextremepositionsof asubsetof themodel
vertices,relatingthisparameterizationapproachto poseinterpolation.

Motion of facial featurescanalsobe describedby the shifting of featurepoints
de�ned on the face. In the systemdescribedby GUENTER et al. [GGW+ 98], the
movementof a point is directly translatedto deformationof thenearbymeshgeome-
try. TheMPEG-4standard[Koe02] alsoemploysfeaturepoints,makinga distinction
betweenfacial de�nition parameters(FDP),which de�ne theshapeof a face,andfa-
cial animationparameters(FAP), whichcontrolanimation.TheFDPsetis comprised
of 84 standardizedfeaturepointson the face. TheFAP setprovidesseveral layersof
abstraction:expressionandvisemeparametersallow high-level speci�cationof facial
expressions.Lower-level parametersrepresentelementaryfacial motion, providing
controlovereyes,tongue,mouth,headorientation,andeventhenoseandtheears.For
eachanimationparameter, theassignmentto thein�uencedfeaturepointsis speci�ed
in thestandard.How movementof thefeaturepointsis in turnmappedto deformations
of theskingeometryis left to theapplication.

In general,carehasto betakenby theanimatorto avoid unrealisticpostureswhen
using a feature-driven approach. On the other hand,sucha systemleaves enough
freedomfor cartoon-like,exaggeratedmotions.
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3.4.3 Musc le-Based Parameterization

FACS canbe seenasa muscle-basedparameterizationof the facesincethe encoded
actionsdescribeexpressionsby muscleactivationvalues.Action Units provide anab-
straction,which canbeusedto composefacial expressions.TheAU notationis also
independentfrom any particularface: actionsarealwaysrelative to a subject's neu-
tral baseface. Themusclerepresentationsusedin facial modelingandanimationare
relatively simplecomparedto othermusclemodelsalreadyusedin computergraph-
ics, for instance,the �nite elementmusclemodelby CHEN and ZELTZER [CZ92],
which simulatesthedeformationof individual skeletalmuscles.Also SCHEEPERS et
al. [SPCM97] specifytheshapeof skeletalmusclesby arrangingellipsoidsandbicubic
patchesfor complex musclegeometry.

For facialanimation,WATERS [Wat87] presentsa geometricmusclemodelwhich
usesfunctionsbasedon cone-shaped,rectangular, andelliptic areasto model linear,
sheet,andsphinctermuscles. In this model, the skin is representedasa membrane
with no thickness,not re�ecting thelayeredstructureof real tissueandmuscles.The
geometryof a muscleand its region of in�uence on the skin arenot separated:the
skin deformationresultingfrom shorteningof a muscleis computeddirectly from the
correspondingcontractionparametervalue,within the boundsprescribedby an area
of in�uence anda fall-off function. Combiningthe in�uence of multiple muscleson
oneskin vertex is dif�cult, andad hoc mechanismsfor resolvingthe con�ict must
be devised. Still, the methodis computationallycheapand requiresno numerical
simulation.

In physics-basedapproaches,on the other hand,the skin deformationis not di-
rectly speci�ed,but emergesfrom forcesactingon theskin layer, appliedby attached
virtual muscles.Subtletiessuchaswrinklesandfurrowsemergewithoutexplicit mod-
eling. The �rst approachbasedon a roughphysicalsimulationof musclesandfacial
anatomyappearingin the literatureis dueto PLATT andBADLER [PB81]. Facialac-
tionsarecausedby musclecontractionon groupsof abstractedsimple�bers. A �ber
is representedby avectorfrom amusclepoint to aboneattachment.Themusclepoint
is attachedvia simpli�ed springsto nearbyskin nodes.In contrastto WATERS's ap-
proach,themuscleandskin layersareconceptuallyseparated.A muscledoesnothave
an actualgeometry, though,andtheauthorsrecognizethat thereis no mechanismto
makethe musclefollow the shapeof the skull. An extensionto a piecewise linear
musclemodelis proposed,which couldbeusedto lay out musclesin a more�e xible
way. TERZOPOULOS andWATERS [TW90] useasimilar musclemodelto drivefacial
expressions.Whencontracted,a musclepulls at thedeepernodesof a tri-layer tissue
model. Eachmusclevectorhasa rangeof in�uence, usinga cosineblendpro�le to
combinecontributionsto themovementof askin layernodefrom multiplemuscles.In
anextensionto a piecewiselinearmuscle�ber representationby LEE et al. [LTW95],
whereeach�ber now alsohasa speci�ed width, the musclesareable to follow the
shapeof theskull oncontraction.Restrictingto animationof 2D images,WATERS and
FRISBIE [WF95] focusspeci�cally on mouthanimation.Themusclesarerepresented
by asimplemass-springsystem,with theupperandlowerhalvesof theorbicularisoris
modeledascross-bracedbands,while all othermusclesaresimplesprings.

Enhancingthegeometricrepresentationof facial muscles,WU et al. [WMTT94]
usea surface-basedrepresentation.For eachmuscle,a setof key points is speci�ed



3.5. THE INTERPOLA TION PROBLEM 19

on the skin and thenoffset inwards. From thesedisplacedpoints,a surfaceof rev-
olution is computed. Springsfrom the skin nodesattachto the musclesurface. A
variationof thismodelemploysB-splinepatchesfor representationof themusclesur-
face[WKMMT99], wherethecoveredskinareacanbespeci�ed interactively. Theis-
sueof thenecessarymusclelayoutspeci�cationfor eachindividualheadmodelis not
addressedby many authors.LEE [LTW95] andAOKI [AHTN01] includethemuscle
structurein theirdeformationprocessthatmatchesagenericheadmodelto individual
headgeometry.

3.5 The Interpolation Problem

Whentheparameterizationof a facemodelhasbeenchosen,parametervaluesfor the
creationof a desiredfacial expressioncanbe speci�ed. Changingtheseparameters
over time producesthe actualanimation. Even with a parameterizationthat allows
perfectmodelingof all facialexpressions,it is still non-trivial to synthesizeananima-
tion convincingly, becauseof thecomplex dynamicbehavior of the face: a transition
betweenfacial expressionsin reality is characterizedby a complex choreographyof
moving andchangingfacial features. Simply interpolatingall animatedparameters
togetherat the samespeedwill not look realistic. In a keyframing system,realistic
motion thusrequireslaboriousspeci�cationof many individual parametervalues.In
contrast,performance-basedapproachesattemptto capturethemotiondirectlyfroman
individualandturnit into animationparameters.An animationcanalsobesynthesized
procedurally, usingheuristicsthatarepossiblyderivedfrom empiricaldata.

3.5.1 Keyframed Animation

In keyframedanimation,valuesfor facial parametersarespeci�ed explicitly for im-
portantpointsin time, typically at extremeposes.This relatesto conventionalpose-
to-poseanimation,wheretheanimatordraws thekey poses,whicharethenessentially
interpolatedby drawing in-betweens[TJ81]. Likewise, in computeranimation,for
eachrenderedframemany in-betweenparametervalueshave to be computedby in-
terpolation. Interpolationis in the simplestcaselinear, easilyresultingin awkward,
non-smoothmotionif notenoughkeyframeshavebeenspeci�ed.Varioussplinefunc-
tionsarethuscommonlyusedfor interpolationof keyframes.

Keyframescanbe eithereditedusingGUI systems,or speci�ed by scriptinglan-
guagessuchastheSMILE systemproposedby KALRA etal. [KMMTT91]. In SMILE,
differentlevelsof abstractionareprovidedthatallow easyposespeci�cationonahigh
level asfacialexpressionsandphonemes,aswell asdirecttuningof low-level param-
eters.Thescript languagealsoallows thecombinationandsynchronizationof visual
speechandexpressions.

Combiningseparateanimationsinto one is a generalproblemwith keyframing
systems:in purefacial expressions,motion in onepartof the facetypically doesnot
in�uence theotherpart[EF77]. For instance,movementof theeyebrows is decoupled
from lip movement. This is not true, however, for animatedemotionalspeechif the
parametersfor atalkingmouthmustbemergedtogetherwith thosefor ahappy, smiling
expression:both involve mouth movements. How parametersshouldbe combined
in sucha caseis generallyan unsolved problem,which is eitheravoidedby ruling
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out con�icting cases[PWWH86], or treatedad hoc by addingup parametervalues
in�uencing thesamefaceregion [Pel91].

3.5.2 Performance-Based Animation

Theshortcomingsof keyframedanimationarecircumventedwhenthemotionis cap-
tureddirectly from a realactor's faceandthentransferredto the virtual headmodel.
GUENTER et al. [GGW+ 98] usemarkerson theactor's faceandde�ne thedeforma-
tion of the geometrydirectly from the trackedmovementof thesepoints. For para-
metric models,it is necessaryto derive the animationparametersfrom the captured
performance.TERZOPOULOS and WATERS analyzefrontal face imagesandderive
contractionvaluesfor their muscle-driven model[TW90]. Using a very similar face
model,LUCERO et al. [LM99] recordintramuscularEMG datafrom the musclesof
thelower face,usinghooked-wire,bipolarelectrodeswhich areinsertedinto theskin.
The obtainedvaluesareconvertedto muscleactivation valuesfor the virtual model
to producespeechanimations.The correlationbetweenanimationandobservedreal
motion (capturedby infrareddiodes)is examinedto validatethe simulationresults.
For expressiveanimation,ESSA [EP97]hasimplementedacomputervisionsystemto
trackandanalyzefacial expressionsfrom videosequences.Musclecontrolparameter
valuesareestimatedfrom theoptical�o w andaphysicalmodelof theskinandmuscle
structure.Thesystemis alsousedfor recognitionof facialexpressions.

Transferringanexisting animationto differentfacegeometrycanalsobeseenas
performance-basedanimation:themotionof onesyntheticfaceis trackedandmapped
ontoanotherface. NOH et al. [NN01] setup densesurfacecorrespondencesbetween
the sourceand the target modelusinga semi-automaticfeaturepoint detectionpro-
cedure. The transferof the animationis then carriedout on the geometrylevel by
mappingvertex motionfrom onemodelto theother.

3.5.3 Synthesized Animation

Capturinganimationsdirectly is not alwayspractical: an actoris neededto perform,
andadditionalhardwaremaybe required,at the very minimum a videocamera.For
everypieceof animationsuchasatext readbyavirtualnewsperson,thesceneneedsto
beactedoutby a realperson—aratherinef�cient productionconcept.Sincekeyfram-
ing an animationmanuallyis equallyunattractive from the ef�ciency point of view,
it is desirableto have techniquesto procedurally generatenew animations.Most re-
searchin this areahasconcentratedon productionof visual speech. Commonly, a
databaseof mouth positions(visemes)correspondingto phonemesis created,and
a coarticulationmodel is employedto synthesizerealistic lip movementfor a new
phonemesequence.The visemesareoften manuallyconstructedby observation of
realspeakers[CM93, WL93] or automaticallyfrom digitizedvideo input [WF95]. In
video-basedsystems,input video is directly analyzedandusedto synthesizenew ut-
terances[BCS97,Bra99,EGP02]. Therearealsoattemptsto procedurallyenhanceex-
isting animation,to deliver moreliveliness[LBB02], or to changetheexpressiveness
of the animatedface,for instance,addingfeelingsof nervousness,lightheadedness,
sadness,etc.[BB02].
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3.6 Skin Tissue Simulation

Deformingthe facegeometrybasedon purely geometricparameterizationscanonly
provide a limited degreeof realism.This concernsthenuancesof facial expressions,
suchaswrinklesandfurrows, aswell asthedynamicsof theface: thebiomechanical
propertiesof skin arere�ected in the way it deformsover time whenit stretchesor
relaxes.Physics-basedsystemssimulatethedynamicsof facial skin usingNewtonian
mechanics.Sincethe visible changeson the skin surfaceresultfrom the interaction
of several tissuelayers,thesesystemsnecessarilyneedto approximatethe anatomi-
cal structureof the humanhead. Layeredconstructionis not only usedfor physics-
basedanimation,though:CHADWICK et al. [CHP89]shapetheskinof a characterby
layering bones,muscles,fat tissue,and skin into a lattice, which can be deformed
by free-form deformations[SP86]. In anatomy-basedmodeling,virtual characters
arealso constructedin a layeredmanner, focusingon the shapeof bonesandmus-
cles[SPCM97, WV97].

In thecontext of facialanimation,themajorityof approachesrestrictsto thesimu-
lationof theskin'selasticproperties,i.e.,theundeformedshapeis completelyrestored
after forcesareremoved. Theprocessof wrinkle formationcanonly besimulatedby
includingviscosity, though.Highly viscousmaterialsdonotstoredeformationenergy,
andthusdon't returnto thereferenceshapeafterunloading.

3.6.1 Mass-Spring Models

In a mass-springmodel,thesurfaceor volumeof a materialis approximatedby mass
pointsconnectedby elasticsprings.Thedynamicsof suchasystemaregovernedby a
setof differentialequations:theLagrangeequationsof motion.Deformationof shape
is the result of applying external forcessuchas gravity or pull to the massnodes.
Numericalintegrationof the equationsof motion over time describesthe movement
of the massparticlesuntil the springmesh�nds a new stablecon�guration. Sucha
systemis veryeasyto implementif simpleintegrationschemessuchasEuler'smethod
areused.Therefore,physicalsimulationusingmass-springsystemshasbecomevery
popularin computergraphics,especiallyin cloth animation,wherethe structureof
woven material lends itself 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.Thesimulationitself approximatesthebehavior describedby theequations
of motion: a muscleforce is propagatedto the pointsattachedto the muscleon the
facemesh.Fromtheseforces,adisplacementof thepointsis directlycomputedbased
on thestiffnessconstantsof theadjacentsprings.Time discretizationis performedby
applyinga forcenot atonce,but fractionsof it over a numberof steps.This is mainly
doneto distributetheeffectsof severalmusclespulling simultaneously.

TERZOPOULOS and WATERS [TW90] presentan advancedthree-layeredmodel
of the skin, consistingof cutaneoustissue,subcutaneousfatty tissue,anda muscle
layer. This latticeconsistsof point massesconnectedby springswith varyingstiffness
constants,modelingthe elasticpropertiesof the skin layers. To simulatenon-linear
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elasticity, the springsrepresentingthe dermisare biphasic,i.e., a spring's stiffness
constantchangesaccordingto its currentlength. Dueto thevolumetricconstruction,
for an initial facemeshof 960 polygonsapproximately6500springunits areused.
Thesimulationis drivenby a second-orderRunge-Kuttaschemeasa compromisebe-
tweenstability, accuracy, and speedrequirements.Additional volumepreservation
constraintsmodel the incompressibilityof the groundsubstance.To this end, local
restorationforcesarecomputedto minimizeany deviation in volumeof theelements.
The layeredmodel structurewas simpli�ed by LEE et al. [LTW95] to two layers:
dermal-fattyandmuscles.The approachalso introducesskull non-penetrationcon-
straints,which prevent the skin layer from moving throughthe bone. The skull is
approximatedasanoffsetsurfaceto theskinmesh.LEE reportsinteractiveframerates
on a multiprocessorworkstation. Basedon TERZOPOULOS's and WATERS's work,
LUCERO et al. [LM99] replacetheadhocspringmeshcoef�cients andmusclemodel
parametersby more well-foundedvaluesusing knowledgeaboutthe actualbiome-
chanicalpropertiesof skin andmuscles.As thefocusin their work is on accuracy of
simulatedvisual speechproduction,considerablymorecomputationtime is devoted
to thenumericalintegration:a three-secondanimationat 60 Hz takesfour minutesof
computation.Also focusingon speechanimation,WATERS andFRISBIE [WF95] use
a two-dimensionalmass-springmodelof themouth.

3.6.2 Finite Element Simulation

Finite elementmethods(FEM) [Bat82] aretraditionallyusedin structuralanalysisof
materialsin engineering,but are also becomingincreasinglycommonin computer
graphicsapplications.FEMswork with a discretizationof thematerialgeometrybe-
ing simulated,for instance,avolumetricmeshof tetrahedrons.Thematerialproperties
areplacedin aglobalstiffnessmatrix,whichrelatesforcesontheelementnodesto the
resultingdisplacementsof thesenodes.This systemis solveddirectly for a staticso-
lution. TheFEM approachis commonlyviewedasbeingmorestable,moreaccurate,
andcomputationallymoreexpensivecomparedto springmeshsimulationtechniques.
The computationtimes for a solution typically lie in the rangeof minutes,making
thesemethodsunsuitablefor real-timeanimation.They areprevalentin medicalappli-
cationssuchascomputeraidedsurgery, wherethegeometryis typically extractedfrom
CT dataandaccuracy is mandatory. An idealizedthree-layer�nite elementmodelof
facialtissueis constructedby DENG [Den88,PW96] in herworkonskinexcisionsim-
ulation.Theouterskinlayeris connectedvia aslidinglayerto theunderlyingmuscles.
PIEPER et al. [PRZ92]usesurfacescandatafor plasticsurgeryplanning.Frominci-
sionlines,drawn directlyon thegeometry, a �nite elementmeshfor simulationof the
cut is generated.Thismeshis of muchcoarserresolutionthanthefacegeometry, each
elementcoveringaboutasquareinchof skin. KEEVE etal. [KGPG96] adaptageneric,
triangularfacemeshto CT data.Thetrianglesarethenprojectedontotheunderlying
skull surface,resultingin a�nite elementmeshcomprisedof six-nodeprismelements,
which is usedfor simulationof bonerealignmentoperations.
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3.6.3 Hybrid Schemes

A few researcherscombinemass-springmodelsand�nite elements.For bonerepo-
sitioning applications,KOCH et al. [KGC+ 96] representthe facial surfaceby two-
dimensionalnon-linear�nite elements,which are connectedto the skull by nodal
springs. The spring stiffnessesare computedfrom CT data. In a similar fashion,
WU et al. [WMTT94, WKMMT99] develop a skin model that combinesplasticity,
viscosity, andelasticityfor simulationof expressivewrinkle formationandskinaging
usinga skin mesh.Thenodesof this meshareconnectedby springsto thesurfaceof
anunderlyingmusclelayer.

3.7 Summar y

Despitethe deceptively photo-realisticappearanceof image-andvideo-basedfacial
animations,only systemsusing three-dimensionalgeometricheadmodelsshow the
�e xibility to enablea wide rangeof applications.Within this class,thereis a trend
towardsincreasinglyrealisticrepresentationof anatomicdetail, includingparameteri-
zationbymusclesandphysics-basedskintissuesimulation.While theformerprovides
intuitivecontrolsfor animation,the lattercanproducerealisticfacial deformationin-
cludingsubtleeffectswithout explicitly modelingthem.Somesimpli�cations have to
be madefor the sakeof performance,though. While therearesomefairly elaborate
layeredmodelsof facial skin, representationsof musculatureandskull arestill sim-
plistic, especiallyin systemsgearedtowardsinteractive performance.Assemblinga
headmodelbasedon humananatomytakesa lot of effort, andonly a few researchers
reporton methodsfor constructionof sucha modelfor the purposeof adaptationto
scansof an individual. Theanatomy-basedheadmodelproposedin this dissertation
providesdetailedapproximationsof theskull andthefacialmusculaturewhile still be-
ing ef�cient enoughfor real-timeanimation.Acknowledgingthe importanceof easy
constructionof sucha structuredheadmodel, a generalmethodfor adaptationof a
genericheadtemplateto varioustargetsis demonstrated.
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Anatom y of the Human Head

No manshouldmarrybeforehehasstudiedanatomy
anddissectedthebodyof a woman.

– HonoredeBalzac

Thefoundationof any physics-basedfacial animationsystemis a goodunderstand-
ing of thehumanhead's anatomicalstructure.A thoroughlook at realfacescon�rms
thereasonableassumptionthattheappearanceof thefaceis mainlydeterminedby the
major structuresof thehead,namelytheskull, themuscles,andtheskin. If a realis-
tic look is thegoalof ananimationsystem,noneof thesecomponentscanbe left out
from the model. The �rst stepin building a virtual headmodel is thusto studythe
biologicalstructuresof theheadandtheinteractionsbetweenthem. In this chapter, I
havecollectedrelevantmaterialfrom avarietyof sourcesin medicine[Ras78, KLP76,
Ste79,Sob01], forensics[Tay01], andcomputergraphics[TW90, CZ92]. After ex-
aminationof the facial skin, theskull astheprimarysupportive structureof thehead
is introduced.Finally, the facial musculatureis discussed,which is situatedbetween
skin andskull andresponsiblefor driving facial expression.Althoughnot all thede-
tail presentedhereis re�ected in the implementedfacial animationsystem,it is still
instructive to getanimpressionof the fascinatingcomplexity of thehumanhead.In-
evitably, a few medicaltermsmustbeusedto discussanatomy. As far asthesearenot
explaineddirectly in thetext, they canbefoundin AppendixA.

4.1 Facial Skin Structure

Thehumanskin is a complex system,with differentcomponentsworking togetherto
serve a varietyof functions. Theseincludeprotectionagainstexternalenvironmental
in�uencessuchasbacteriaor toxic substances,theregulationof bodytemperature,and
storageof water, fat, andblood. Eachsquarecentimeterof skin containson average
1 meterof vessels,15 sebaceousglands,100 sweatglands,3000 nerve ends,and
3,000,000cells. The skin is the largestsensoryorgan, receptive for sensationsof
touch,temperature,andpain.Skin alsoplaysa vital role in humancommunicationby
meansof facialexpression,texture,color, andscent.

As shown in Figure4.1, the skin is structuredinto threelayers: epidermis, der-
mis, andhypodermis. Together, the topmostlayersepidermisanddermisarecalled
the cutis, the underlyinghypodermisis also known as the subcutis. In the follow-
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Figure4.1: Crosssectionof humanskin. Image:[BW97]

ing thelayersof theskin arebrie�y examined,focusingon their basicstructure.The
biomechanicalpropertiesof skinarediscussedin Chapter6.

4.1.1 Epidermis

In the face,this super�cial layer of the skin is about0.02mm thick, which is about
3–10%of thetotal skin thickness.Theepidermisitself hasno vesselsor glands.It is
organizedinto threefunctionallydifferentzones:cellsareborn in thestratumbasale,
differentiatedandmaturedin thestratumspinosumandthestratumgranulosum, and
�nally layeredanddisposedof in thestratumcorneum. Thelife of acell lastsabout30
days.Thestratumcorneumconsistsmostlyof theproteinkeratin,andgivesprotection
againstacidsandalkali. It is capableof binding water, giving this layer smoothness
andelasticity. Thestratumcorneumis ratherlooseon thesurface,but becomesmore
compactin its deeperparts.In thestratumbasale,themelanocytesarefound,cellsthat
producethe pigmentmelanin,which protectsthe skin from ultraviolet rays. A thin
layerbetweenthestratumcorneumandthestratumgranulosum,thestratumlucidum,
playsanimportantrole for theopticappearanceof skin: it is highly refractive,creating
anoptically homogeneouslayer.

4.1.2 Dermis

Thedermisis dividedinto thestratumpapillare, a layer thatconsistsof tiny papillae
projectinginto theepidermis,andthestratumreticulare. Thestructureof thestratum
papillarediffers regionally with the mechanicaldemandsonto the respective part of
thebodysurface:at theeyelids,for instance,thepapillaearelessdevelopedthanatthe
elbows. This layer consistsof looseconnective tissuewith capillaries,elastic�bers,
reticular�bers, andsomecollagen.Thestratumreticulareprovidesstrongresistanceto
tearingforces.It is madefrom denseconnectivetissue,containinglargebloodvessels,
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nerve endings,hair follicles, andothercells. Theintercellularsubstanceis comprised
mostlyof collagen�bers andtheamorphous,gel-likegroundsubstance.Thecollagen
�bers arearrangedin thick wavy bundles,layeredparallelto thesurface.They uncurl
whentheskin is stretched,resultingin variableresistanceof theskin to forces.

4.1.3 Hypodermis

Thehypodermisservesasafat storageandisolator. Fatcellsarelayeredbetweensepta
of collagenous,connectivetissue.Thefat increasesthetensionof theskin,andisolates
thebodyagainstthermalin�uences.Thedevelopmentof thesubcutaneousfat depends
on sex, age,body region, mechanicaldemands,hormonalin�uences, nutrition, and
otherfactors. In the face,somepartssuchastheeyelidsandtheexternaleararefat-
free. The hypodermisis connectedto andglideson the fascia,a layer of tissuethat
connectsthemusclesurfaceto theskin.

4.2 The Skull

Thefundamentalbonestructureof theheadis theskull, whichgivestheheadstability
andits basicshape.Thebonematerialis not a deadsubstance,but a living tissuethat
adaptsto the forcesinducedby the functionalmovementsof the facial musculature
over a lifetime. Also, growth of thebrainandof thesurroundingbraincasein�uence
eachother. In anatomicalterms,theskull is dividedinto thebraincase(neurocranium)
andthe face(viscerocranium). Eachpartconsistsof many separatebones,which are
shown in Figure4.2.

4.2.1 Neurocranium

The foreheadand the upperportion of the orbital cavity surroundingthe eyes are
formed by the frontal bone(os frontale). The supraorbital ridge (arcus supercil-
iares) is theprominentpartunderlyingtheeyebrows andis usuallymorepronounced
in males. The occipital bone(os occipitale) forms mostof the baseandbackof the
neurocranium.The brain is connectedto thespinalcord througha hole in this bone.
Theotherbonesof theneurocraniumcomein pairs,mirroredat themedianplane:the
parietal bone(osparietale) makesup partof thetop andthesideof thecranium.The
widestpartof theheadis usuallyformedby theprotrusionof thisbonebehindtheear.
The temporal bone(os temporale) andpartsof the sphenoidbone(os sphenoidale)
shapethe lower sideof the neurocranium.Attachedto the mastoidprocess(proces-
susmastoideus)of thetemporalboneis thesternocleidomastoidmuscle,which �e xes
theneck. Otherfeaturesof the temporalboneincludetheearhole (meatusacusticus
externus) anda zygomaticprocessnamedzygoma(arcuszygomaticus) aspartof the
cheekbone.

4.2.2 Viscer ocranium

Itself partof theviscerocranium,thepairedzygomaticbone(oszygomaticum) connects
to thezygomaontheneurocranium,thuscompletingthezygomaticarch. Otherbones
of theviscerocraniumthataremirroredon eithersideof theskull arethemaxilla, the
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Figure4.2: Humanskull, front andsideviews. Images:[Sob01]
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nasalbone(osnasale), andthe lacrimal bone(os lacrimale). Themaxilla formsthe
upperjaw and,togetherwith thezygomaticandlacrimalbones,shapesthelowerpart
of the orbital cavity. Thenasalbonegivesshapeto the upperpart of the noseat the
beginningof thenasalbridge.Unpairedbonesof themiddlefacearethepalatinebone
(os palatinum) at the root of the mouthandthe ethmoidbone(osethmoidale) in the
nose.

Themandible(mandibula) completestheviscerocranium.It is separatedfrom the
restof theadultskull andhingedto theneurocraniumat thetemporomandibular joint.
Thedegreesof freedomof thisjoint allow for openingandclosingof themouthaswell
aschewing motion.Functionally, thetemporomandibular joint is acompositionof two
joints: whenthemouthis opened,a rotationin thelowerpartof thejoint is superposed
on a horizontaltranslationto the front in theupperpart. Theposterior, uprightangle
of themandibleis calledthe ramus. Thehyoid bone(oshyoidale), which is situated
at theroot of thetongue(seeSection4.4.2),is alsocountedasa partof theskull. It is
connectedto thebaseof theskull only by ligaments.

4.3 Facial Musc les

Therichnessof facialmotionis madepossibleby thenumerousmuscleslying between
skin andskull. Themusclesof the facearegroupedinto two categories: themuscles
of masticationand the musclesof expression. While the former areresponsiblefor
chewing andgrindingfood, thelatterenablefacial play. Somemuscleshave a role in
bothgroups,though.Morethan50musclescanbeeasilyidenti�ed onthehead,and,at
acloserlook, many musclescanbeconsideredgroupsof smallermusclesthemselves.
Therefore,thenumberof facial musclesgiven in the literaturevaries.Therearealso
many deepermusclesattachedto variouspartsof thehead,whicharenotanatomically
consideredmusclesof theface,andarealsofor themostpartnotmentionedhere.The
following sectionbrie�y discussesthegeneralstructureandmodeof actionof muscle
tissue.In Sections4.3.2and4.3.3,themusclesof the facearethenpresentedfrom a
mainly functionalpoint of view.

4.3.1 Musc le Physiology

Physiologically, facial musclesbelongto theskeletalmuscles(theothermuscletypes
aresmoothandheart muscle).Thecomponentsof a singlemuscleareshown in Fig-
ure 4.3. A musclecell hascylindrical shape,is up to 15 cm long, and10–100� m
wide. Eachcell containsnumerouscylindrical structures1–2 � m wide, calledmy-
o�brils , which run over the whole lengthof the cell. The myo�brils in turn consist
of a repeatingpatternof sarcomeres. This patternresultsin the bandedappearance
of someskeletalmusclesunderthemicroscope,alternatinglight anddark—hencethe
namestriatedmuscle. Thesarcomeresarethe functionalunitsof themuscle,having
theability to contractuponexcitation.Thecombinedeffort of many sarcomeresacross
themuscleleadsto its contractionandcausesvisible deformationof theskin through
theconnective tissue.Most musclesin thefaceoriginateat thebonestructure,while
their surfaceinsertsinto theskin. Whencontracting,a musclethuspulls theskin to-
wardsits �x edorigin. In contrast,somefacialmusclesattachto boneon bothendsor
only to theskin.
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Therearetwo majormodesof musclecontraction:isotonicandisometric. Under
isotoniccontractionthe load to be lifted is �x ed,allowing themuscleto shortenat a
maximumspeedlimited by the load. The forcethemusclegeneratesis constant.On
theotherhand,isometriccontractionoccursif themuscleis notallowedto shortenany
furtherwhile it is contracting,for instance,if theloadis too heavy to lift.
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Figure4.3: Structureof a muscle�ber. Image:[Spe98]

4.3.2 Musc les of Expression

The musclesof expressioninsert into the facial skin, causingdistortionsof the skin
undercontraction.Whenskin is pushedtogetherthroughmusclecontraction,this of-
ten causeswrinkling, wherethe directionof the wrinkles is alwaysperpendicularto
thedirectionof themuscle's line of action. In theanatomyliterature,themusclesof
expressionarecategorizedby their region of in�uence: thescalp,theeyelid, thenose,
themouth,andtheneck.Figures4.4and4.5show frontal andsideviews of thefacial
musculature.Most musclesin the facearemirroredon either side. Wherethe fol-
lowing muscledescriptionsusethesingular, equivalentbehavior for thecorresponding
muscleson bothsidesis implied.

Scalp

Together, themusclesof thescalpform theepicranius. Thisbroadlayer, whichcovers
thewholeof onesideof thevertex of theskull, is very tightly attachedto theskin. Its
two majorpartsaretheoccipitalisatthebackof theheadandthefrontaliscoveringthe
forehead,togethernamedoccipitofrontalis. This pair of musclebellies is connected
by a tendinoussheet,the epicranial aponeurosis. The epicranialaponeurosisis also
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theorigin of thetemporoparietalismuscle.Theoccipitalisoriginatesin theskull be-
hind the ears,while the frontalis is not attachedto bone,but insertsinto the skin of
the foreheadandthe eyebrow region, originatingapproximatelyat the hairline. The
temporoparietalisextendsfrom theepicranialaponeurosisto thetop of theearon the
sideof the head. The epicraniusmoves the skin of the head. Notably, the frontalis
lifts theeyebrowsandeyelids,causingalsowrinklesontheforehead.Next to thetem-
poroparietalis,the threepartsof theauricularis attachto theauricleandthespineof
thehelix. Their functionis to move theear.

Eyelid

Thecircularmusclerunningaroundtheeye is namedorbicularis oculi. It consistsof
thethick parsorbitalis, encirclingtheorbit, andtheparspalpebralis, whichunderlies
the upperandlower eyelids. At the inner cornerof the eye, the circular bundlesof
�bers areinterruptedby thepalpebral ligament. Theparsorbitalisattachesto theinner
orbit andthe skin of the cheek. Whencontractingin a pursingmanner, this muscle
supportstight closureof theeyelids.Thegroupof its medial�bers in theuppereyelid
region that fansout into the eyebrow is alsocalleddepressorsupercilii . The tender
parspalpebralisattachesto the cartilaginoustarsal plate (tarsus) in the eyelid (see
Figure4.6),andcausesblinking on contraction.Thelook of theeye is in�uenced by
the tarsalplateswhentheorbicularisoculi contracts.Also, thecontractionformsthe
small radial wrinkles at the outercornersof the eye known ascrow's feet. To open
the eye, the levator palpebrae raisesand folds back the uppereyelid. This muscle
is not regularly countedasa facial muscle,but belongsto the groupof extra-ocular
muscles(seeSection4.4.1). It originatesdeepinsidethe bony orbit of the eye and
attachesto theuppereyelid. Thecorrugatorsupercilii penetratestheorbicularisoculi
andthefrontalis. It pulls thecornersof theeyebrowstogetheranddownward,creating
a verticalcreasein theskinabove thenose.

Nose

Theprocerusmusclecoversthelowerpartof thenasalboneandtheupperpartof the
lateralnasalcartilage.It insertsinto theforeheadbetweentheeyebrows. This muscle
pulls down vertically, causinga horizontalcreaseover the bridge of the nose. The
nasaliscoversthenosewing. It insertsinto thesideof thenose,abovethecaninetooth
andtheincisor. Contractionof thenasalispulls thenosewing down andback,closing
thenostril. Thelevator labii superiorisalaequenasioriginatesat theinnersideof the
eye orbit. It insertsinto the skin of the upperlip andthe nosewing, which is lifted
on contraction,thuswideningthenostril. Strongcontractionof this muscleinducesa
furrow to thesideof thenose.Thelevator labii superiorisoriginatesfrom themaxilla
undertheeye orbit andlifts thelateralpartof theupperlip.

Mouth

The muscleencirclingthe mouthis the orbicularis oris. It coversthe areafrom the
bottomof thenoseto halfwaydown thechin. Thoughit primarily actsin a sphincter-
like fashionto closethemouth,thismuscleis notasimplesphincter. It hassuper�cial
anddeeperlayersof muscles,which actindependently. It alsoconsistspartlyof �bers
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Figure4.4: Facialmuscles,front view. Image:[Sob01]
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from otherfacial muscles,which insert into the lip region. The orbicularisoris thus
formsan intricatestructurethatallows for therich varietyof facialmotionpertaining
to themouth.This includesprotrusionandretractionof thelips aswell asamajorrole
in speecharticulation.

The zygomaticusmajor andzygomaticusminor musclesrun from the zygomatic
boneto themouthcorners,blendinginto theupperlip partof theorbicularisoris. They
helpcreatinga smileby lifting theupperlip nearthemouthcorner. Therisorius pulls
thecornerof themouthbackhorizontally. It doesnot originatefrom thebone,but in
the fasciaof the massetermuscle(seeSection4.3.3). The levator anguli oris inserts
into theorbicularisorisatthecornerof themouthandaidssmilingby pulling upwards.
Its �bers interminglewith the zygomaticus,the orbicularisoris andthe triangularis.
Thetriangularisinsertsinto themouthangleandpulls it downwards.Thelower lip is
pulleddown by thedepressorlabii inferioris. It insertsinto theorbicularisorisandthe
skinbelow thelower lip, originatingat theloweredgeof themandible.Thebuccinator
runshorizontallyalongthecheekto thecornerof themouth.It originatesat theinside
of themandible,with threeattachmentsthere.Thismuscleaidsin chewing by keeping
thecheekscloseto theteeth,thuskeepingthefoodonthetoothsurface.It is alsoused
for suckingaction,andsometimescausesadimplein thecheekto appear.

Thechin is coveredby thementalis. This muscleoriginatesjust below the teeth,
andinsertsinto theskinat theball of thechin. By pulling upwards,thismuscleraises
andprotrudesthelower lip. If theseparationbetweenthepair of mentalesmusclesis
largeenough,this leadsto a visible cleft on thechin.

Neck

Fromthemorethan20musclesextendingdown theneck,only theplatysmais partof
thefacial musculaturein theanatomicalclassi�cation. It originatesat thebaseof the
mandible,andcoversthebottomof the jaw completely, extendingdown to the front
partof theneck.Functionally, it stretchestheskinof theneck.

4.3.3 Musc les of Mastication

Themasseteris a very strongmusclethatrunsdiagonallyacrossthecheek.Its origin
lies at the zygomaticarch,and it insertsinto the jaw angle. Whencontracted,this
muscletightly clenchesthe teeth,thusplaying the major part in grinding food. The
temporalis alsoaids in closing the mouth: it is a broad,radiatingmuscle,covering
the sideof the head. Originatingat the temporalbone,the musclegoesthroughthe
zygomaticarch and insertsinto the coronoidprocessof the mandible. The medial
pterygoideusor internal pterygoidmuscleis locatedon thesideof thejaw andassists
the temporalisandmasseterin raisingthe mandibleto clenchthe teeth. In contrast,
thelateral pterygoideusor externalpterygoidmusclehelpsto openthemouth,andto
protrudethemandible.Asymmetricactionof thesemuscleson eithersideof thehead
resultin side-to-sidemovementsof thejaw, asin chewing action.
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4.4 Assor ted Organs

Thevisualappearanceof the faceis, of course,not determinedby skin, muscles,and
skull alone.Othervital componentsof thehumanheadaretheeyesandtheoralcavity
with teethandtongue.Thesearebrie�y describedin thefollowing.

4.4.1 Eyes

The eyesare the visual sensoryorgans. Eacheyeball (bulbus oculi) is locatedin an
orbit of the neurocranium,asshown in Figure4.6. The eyeball is about24 mm in
diameter, beingroughly sphere-shapedwith a bulge at the corneaon the front side.
six of thesevenextra-ocularmusclesenablerotationof theeyeballsin its socket.The
seventhextra-ocularmuscleis the levatorpalpebraesuperioris,which lifts the eyelid
(seeSection4.3.2). The iris hastwo musclescontrolling the sizeof the pupil, the
dilator pupillae andthe sphincterpupillae. The pupil diametercanchangebetween
2 mm and 8 mm, accommodatingfor the external lighting conditions. The eyelid
providesprotectionagainststronglight andintrusionof foreignparticles. It consists
mainlyof thetarsalplate,coveredby theorbicularisoculi muscleandathin skin layer.
Thelid keepsthecorneamoistthroughblinking, distributingthelacrimal �uid (tears)
secretedfrom thelacrimal gland. The lacrimalglandis situatedon thelateralsideof
theuppereyelid andcontributesto thewell-roundedappearanceof theskin there.The
insideof theeyelid skin is connectedto theeyeball,thusforming a bagof connective
tissue,which is opento the palpebral �ssure at the front. The sebum secretedfrom
glandsin thetarsalplategivesthe�ssure its typicalspecularappearance.A substantial
in�uence on theappearanceof theeyesis alsodueto thebrowsandeyelashes.

cornea

maxilla

frontal bone

eyeball
levator palpebrae superioris

orbicularis
oculi

tarsal plate

palpebral
fissue

Figure4.6: Eyeballin its socketandin crosssection.Images:[Sob01, Spe98]

4.4.2 Mouth

Theoral cavity (cavitasoris) is theenclosedregion betweenthecheeksandthe lips.
Figure4.7 shows a view into the oral cavity. Themajor partof theactualcavity can
only be seenwhenthe mouthis wide open. The roof of the mouthis built from the
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Figure4.7: A view into theoral cavity. Image:[Sob01]

hard palatein the front, andthesoft palatein theback. Theuvula is attachedto the
soft palate.

The oral cavity is lined by the teethof the upperandlower jaw. The teethhelp
cuttingandgrindingfood. They areattachedto theupperandlower jaw boneby long
roots.Usuallyonly theenamel-coveredtop partof a tooth,thecrown, is visible. The
transitionto theroot is theneck 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 shown in Figure4.8.

Whenthemouthis closed,it is mostly �lled by the tongue(alsoseeFigure4.8).
Thedorsumof thetongue,its top surface,is composedof a mucousmembrane,cov-
eredwith papillaewhich aresensitiveto thefour maintastes.Thebodyof thetongue
is mainly comprisedof musculartissue. Eight musclesprovide for the �e xibility of
the tongue's movements. They connectit to the mandible,the hyoid bone,andthe
temporalbone.The tongueshapesthe food in themouth,shifts it onto theteeth,and
transportsit towardsthethroat.It is alsovital for speecharticulation.

A numberof saliva glandsbelow the skin createsomewell-roundedareasin the
faceregion aroundthe mouth: the parotid gland surroundsthe jaw angles,andthe
submandibular glandis situatedalongtheloweredgeof themandible.

4.5 Discussion

This introductioninto theanatomyof theheadis by no meansexhaustive,but already
shows an immenserichnessof detail that is hardto capturein a simulation. Further-
more,thecurrentmedicalknowledgeis mostlyqualitative,andit is dif�cult to obtain
exactquantitativemeasurements.Thereis asigni�cant degreeof uncertaintyaboutthe
anatomyof thefacial musculature[LM99]. For exact modelingof muscledynamics,
for instance,precisedataaboutmusclelengthsandcross-sectionalareaduring con-
tractionwould be needed.Also, tissuepropertiesoften differ from oneindividual to
thenext, for instance,thicknessandelasticityof skin. Many of thesepropertiescan-
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Figure4.8: Left: the tonguein crosssection;right: mandiblewith teethandhyoid
bone.Images:[Sob01]

not be easilyobtainedby non-intrusive measurements.Still, while a truly complete
andaccuratereconstructionof theheadis currentlyaninsurmountablechallenge,it is
neverthelesspossibleto build aworkingmodelthatincorporatesmany insightsgained
from medicalresearchandwhichdelivershighquality facialanimation.Compromises
haveto bemadefor thesakeof computationalef�ciency, but thefundamentalapproach
of simulatingreal anatomyallows continuousincorporationof advancesin medical
knowledgeto improvethemodel.Additionally,progressin numericalsimulationtech-
niquesandfastercomputerswill enabletheuseof morepreciseapproximationsto real
anatomy.
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System Overview

All partsshouldgotogetherwithoutforcing. You mustrememberthat thepartsyou
are reassemblingwere disassembledbyyou.Therefore,if youcan't getthemtogether

again,theremustbea reason.Byall means,do not usea hammer.
– IBM maintenancemanual,1925

Theintegrationof anatomicaldetailsof thehumanheadinto a facialanimationsys-
tem is a non-trivial task. As the model becomesmore and more complex, it also
becomesincreasinglydif�cult to assembleandadjustall thepartsto arriveataconsis-
tent,animatablemodel.Furthermore,modi�cation of thegeometryof thevirtual head
requiresa rebuild of theinternalstructure.To simplify theconstructionof headmod-
els,I proposetheuseof agenerictemplatethatincorporatesall thestructuralelements
neededfor animation. This templateis the basisfor constructionof individualized,
animatableheadmodels,which arecreatedby deformationof theprototype,adapting
it to giventargetconstraints.

Otherthanin thetypicalartisticpipeline,wheregeometryis �rst modeledandthen
equippedwith controlsfor animation,the headmodel is immediatelyanimatablein
my approach.With eachdeformation,not only theouterskin geometryis deformed,
but also the internal structurecomposedof musclesandskull. As a bene�cial side
effect,all headmodelsderivedfrom thereferenceheadsharethesamesetof animation
parameters,enablingre-useof animationscripts.

In this chapter, I describethe structureand constructionof the referencehead
model. In preparationof the following chapters,an overview of the componentsof
thecompletefacialmodelingandanimationsystemis given.

5.1 The Reference Head Model

The templateheadmodel,asshown in Figure5.1, encapsulatessix major structural
components:

� a triangle meshservingas the skin surface. The meshedgesare alignedto
facial featuresto reduceanimationartifacts,andthe tessellationis adjustedto
the deformability of the facial regions. The algorithmsworking on the mesh
frequentlyuseadjacency relationssuchas�nding thetrianglessharinga given
edge,etc.To this end,themeshdatastructureis basedon ahalf-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 landmarks(reddots)relatedto subsetof skin landmarks.
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� a layer of virtual musclesto control the animation. The musclesconsistof
arraysof �bers which cancontractin a linear or circular fashion. The current
systemincludes24 of themajormusclesresponsiblefor facial expressionsand
speecharticulation.Themusclemodelis discussedin Chapter7.

� anembeddedskull, includinga rotatablemandible,to which skin andmuscles
attach.Theskull modelis alsorepresentedasa trianglemesh,but thegeometry
is only usedfor initializationof thestructure,notduringtheactualanimation.

� a mass-springsystemconnectingskin, muscles,andskull. Theedgesandver-
tices of the skin surfacemeshareconvertedto springsandpoint masses,re-
spectively. More springsareaddedto connectto underlyingcomponentsand
to preserveskin tissuevolumeduringanimation.Propertiesandconstructionof
thespringmesharediscussedin Chapter6.

� separatelymodeledgeometricobjectsfor eyes,teeth,and tongue.

� a setof landmarks, de�ned on the skin andskull surfaces.I usetheseland-
marksto control deformationof theheadstructure.The landmarksfollow the
conventionslaid out in theanthropometricliterature[Far94], wherea minimum
subsetof landmarksis chosenaccordingto their prominencein thefaceandex-
istenceof correspondencesbetweenskinandskull. How thelandmarksareused
to de�ne thedeformationof theheadmodelis describedin detailin Chapter8.

5.1.1 Reference Head Construction Process

The genericheadmodel is built manuallyby designinga face mesh�rst and then
puttingin theanatomicalstructure.As discussedin Section3.2.2,it is extremelydif-
�cult to obtaina suitableanimatablefacemeshdirectly from 3D scans[HKA + 01].
Theoutergeometryof the referenceheadis thusconstructedusinga commercial3D
modelingpackage.For thevery regularstructurerequiredin thefaceregion, thesim-
ple facemodelusedby PARKE [PW96, AppendixB] providesa goodstartingpoint.

Figure5.2: Interactive constructionof the referenceheadmodel. From left to right:
referencemesh; landmarkeditor closeupshowing skin and skull landmarks;skull
matchedto skinmeshin theeditor.
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For the non-animatedpart of the head—outsidethe faceregion—a simpli�ed mesh
obtainedfrom a rangescanof a realpersonis stitchedto thegenericface.Theresult-
ing headmeshasshown in Figure5.2 consistsof 1027verticesand2030triangles.
Thismeshresolutionis a compromisethatdeliverssatisfyingvisualquality, while the
complexity is keptlow enoughto allow thephysicssimulationto run in realtime.

A trianglemeshrepresentingan anatomicallycorrecthumanskull is usedasthe
basefor theskull component,usinga freelyavailablemodel.Theskull modelconsists
of two pieces,separatingthe jaw from theremainderof theskull. Theskull andjaw
meshesconsistof 2062 and 2066 triangles,respectively. As mentionedabove, the
complexity of thesemeshesdoesnot in�uencetheanimationatrun-time:thegeometry
is only usedtocomputethedistancebetweenskinandboneandto automaticallyattach
thelowerpartsof thefaceto themandible,sothatskinandmusculaturefollow thejaw
rotation.

Usingacustomeditingtool, landmarksareplacedontheskull andskinsurfaces,as
shown in Figure5.2.To matchthegenericskull modelto thereferenceheadgeometry,
the skull is deformedusing the methodsdescribedin Chapter8. The headmodel
is also alignedto a standardposture,the Frankfort horizontal (seeSection8.2), so
that landmarkdistanceson the modelcorrespondto distancemeasurementslisted in
the anthropometricliterature. This is importantfor the applicationsdemonstratedin
Sections8.5and8.6.

Thedesignof thefacial musclestructureis basedon medicalliteratureon human
anatomy. Themusclesareinteractively laid outon theheadmodelemployingtheedit-
ing methodsI discussin Chapter7. Finally, separategeometricobjectsfor thefacial
componentseyes,teeth,andtongueareadded,resultingin the �nal modelshown in
Figure5.1. Thesecomponentsconsistof procedurallygeneratedpolygonalgeometry,
depictedindividually in Figure5.3.

Givenall parts,the mass-springsystemthat connectsskin, muscles,andskull is
computedautomaticallyto obtain the fully animatablereferencemodel. Figure5.4
showsthespringmeshin themouthregion of theheadmodel.

Theconstructionapproachdescribedhereis in many wayscomplementaryto re-
centtechniquesthatmodelarticulatedhumanor animalbodymodelsfrom theunder-
lying anatomy[WV97, SWV02]: a creatureis developedfrom theinsideout, starting
with theskeleton,attachingmuscles,and�nally layeringtheskin on top. In contrast,
in the approachpresentedherethe underlyinganatomicalstructureis built to match

Figure5.3: Eye,teeth,andtonguemodels
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Figure5.4: Closeupof mouthareawith muscles,skin,andskull connectedby springs

thealreadyknown outergeometryof theface.Oncethelabor-intensiveassemblageof
thepartsis completedfor the templatemodel,individualheadmodelscanbecreated
from it with ease.

5.2 Physics-Based Simulation

Theheadmodelis mainlyanimatedby contractingthevirtual muscles,causingdefor-
mationof thefacial skin. Shorteningamuscleresultsin stretchingof thespringscon-
nectingthemuscleto theskin, thusin�icting forcesonto themassnodes.A physics-
basedsimulation,basedontheLagrangianequationsof motion,computestheresulting
displacementsof the particles,until their movementleadsto a new equilibrium, i.e.,
a stablestateof thesystem.Theparticularspringmeshstructure,discussedin detail
in Chapter6, is gearedtowardsreal-timeanimation. By the structureof the spring
system,volumepreservationandskull non-penetrationconstraintsareintegratedinto
theglobalsolutionof theequationsof motion,obviating theneedfor local geometric
criteria[LTW95].

5.3 Animation Contr ol

Facial animationis not only producedby speci�cationof musclecontractionvalues,
but alsofrom the additionalparametersheadrotationandposition,eyeball rotation,
eyelid movement,tonguerotationandtranslation,androtationof thejaw. Thevalues
for all theseparametersaregeneratedin severalways:

Expressionediting: In theexpressioneditor(seeFigure5.5), theanimationparame-
terscanbe changedwhile thesimulationis running,resultingin an immediate
changeof facial expression. Completeparametersnapshotscan be saved as
expressionsand later be reusedfor animationby sequencingin time. Blends
betweenexpressionsareachievedby linearor splineinterpolationbetweenpa-
rametervaluesfor eachframe.While thiseditingmethodprovidesdirectaccess
to all degreesof freedomof theface,thecomplex dynamicsof facialmotionare
hardto reproducein thismanner.
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Figure5.5: ExpressionEditor. Left: currentexpressionshown in therunningsimula-
tion; top right: adjustablemuscleparameters;bottomright: expressionpalette.

Speechfrom audio: ALBRECHT usestheanimationsystemto generatesyntheticvi-
sualspeechfrom audioinput data,employinganalgorithmthattransformspho-
nemesinto visible mouth shapes(visemes)[Alb01, AHS02b]. For realistic
speechanimation,coarticulationeffectshave to betakeninto account.To some
extent,additionalexpressiveanimationcanbegeneratedfrom theaudiodatato
makethespeechmorelively [AHS02a].

Speechfrom text: Currenttext-to-speechsynthesismodulesperform extensive lin-
guisticanalysisof theinput text to producea speechsignal. Insteadof working
from audioinput, thisphonetictranscriptioncanbeusedto generatespeechan-
imation [AHK + 02]. By including available informationaboutpausesandthe
typesof sentences,aswell asinterpretingadditionaltext markupin theform of
emoticons(“smileys”), emotionalexpressionscanbesupported.

Facetracking: Someof thefacialparametersaretrackedusingcomputervisiontech-
niques,asshown in Figure5.6. This resultsin very naturalmotion,but not all
subtletiesof the facecan be capturedeasily. In the currentsystem,only eye
blinks, headrotation,andheadtranslationarerecorded.Still, the resultof the
abovementionedspeechanimationtechniquesis vastlyimprovedby usingthese
recordedparametersin addition to synthesizedmoutharticulation. The input
consistsin this caseof videofootage,with audio,of a speakingperson.

5.4 Deformation of the Reference Head Model

To obtainindividual headmodels,the referenceheadis deformedusinga technique
basedon the landmarksattachedto skin andskull. The landmarksserve ashandles
for controllingtheshapeof theheadandthefacial features.Usingsuchanthropomet-
rically meaningfulcontrolsfor deformationenablesmodelingoperationson a higher
level of abstraction,for instance,changesof facial proportions.Thegeneraldeforma-
tion methodproposedin Chapter8 supportsamultitudeof applications,threeof which
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Figure5.6: Facetrackingtool. Usinga numberof featurepoints(reddots),position
andorientationof theheadaretracked(blueellipsoid).

areexploredin thisdissertation:matchingthegenericmodelto individualrangescans,
simulatinghumanheadgrowth, andreconstructinga facefrom skull data.Figure5.7
exempli�es thecreationof astructuredheadmodelfrom scandataandlatermodi�ca-
tion by changingtheageof themodel.As canbeseenfrom the�gure, theheadmodel
remainsfully animatablethroughoutthesetransformations.

5.5 Rendering

The face meshand the facial componentsare renderedas textured polygonsusing
OpenGL[WND96]. For a headmodelresemblinga real individual, the texturesfor
skin, eyes,andteetharecompositedfrom a numberof photographsof thatperson,as
describedby TARINI et al. [TYHS02]. Figure5.8 shows a skin texture generatedin
thismannerandtheresultingheadmodel.Moderngraphicshardwarecaneasilyhandle
hundredsof thousandsof texturedtrianglespersecond,so highly detailedgeometry
canin principleberenderedin real time. Nonetheless,thenumericalsimulationthat

a) b) c) d)

Figure5.7: Headmodelsgeneratedfrom rangescanof a 5 yearold boy: a) scandata;
b) adaptedheadstructure;c) textured;d)agechangedto20years,surprisedexpression.



46 CHAPTER 5. SYSTEM OVERVIEW

Figure5.8:Visualizationof theheadmodel.Left: texturegeneratedfrom photographs;
right: modelrenderedusingOpenGL.

drivesthe animationof the facemeshis restrictedto rathercoarsemeshesto reach
suf�cient updaterates.To improve thevisualquality of therenderedimages,different
strategiesareused:geometricdetailcanbepretendedbyshadingtricks,or therendered
geometryis generatedby re�nementof theanimatedoneusingsubdivisiontechniques.
Chapter9 discussesthis in detail.

5.6 Multithreading

Fast simulationupdatesin the rangeof 30–40fps have to be maintainedfor highly
dynamictypesof animation,for instance,visual speech.On a single-CPUsystem,
the majority of the computationalload is on the numericalintegration, leaving little
resourcesfor rendering.Also, by visualizingthecurrentsimulationstatein lock step,
therenderingframerateis boundto thespeedof thesimulation.With dualprocessor
machinesbecomingmorecommonplace,it is thusadvantageousto let simulationand
renderingthreadsrun on separateCPUs. The renderingthreadcangenerateinterpo-
latedin-betweenframesfor smootheranimationandperformhigherquality shading
while waiting for thenext simulationresult[HKA + 01]. A schematicoverview of the
setupfor speechanimationin amultithreadingenvironmentis depictedin Figure5.9.
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Skin Tissue Dynamics

All thebeautyof theworld, ' t is but skindeep.
– RalphVenning

Theexcursioninto anatomyin Chapter4 hasshown that thestructureof facial skin
is highly complex, makingpropersimulationdif�cult. In this chapterI takea closer
look at the mechanicalpropertiesof facial skin anddescribehow simulationof skin
dynamicsis integratedinto the facial animationsystem.Section6.1 thus introduces
the foundationsof the biomechanicalpropertiesof skin. Other than in medicalap-
plications,whereaccuratesimulationof realskin behavior is absolutelyessential,the
focusin my real time animationsystemis on typical andplausiblebehavior: skin de-
formationshouldappearrealistic to the eye, but it is not mandatorythat the skin on
thevirtual headmovesandfolds in preciselythesameway ason its realcounterpart.
Adheringto this guideline,a fastmass-springapproach(seeSection6.2) is usedfor
thesimulation,employingtheexplicit numericalintegrationschemediscussedin Sec-
tion 6.3.Apart from thenumericalsimulation,thestructureof thespringmeshis vital
for behavior and run-timeef�ciency of the virtual skin. This structureis presented
in Section6.4. Thechapterconcludeswith a discussionof theoverall simulationap-
proachandperformancemeasurements.

6.1 Biomec hanics of Facial Skin

Theexaminationandunderstandingof themechanicsof living skin is in therealmof
biomechanics, wherethe mechanicalbehavior of biological materialsundervarious
conditionsis analyzed[Fun93]. Topicsin thisdisciplinearestressandstrain,strength,
creep,fracture,heattransfer, vibrations,andmany more. In the context of a facial
animationsystem,resultsfrom biomechanicsgive insightsinto thedeformationof fa-
cial skin underthe in�uence of external forcessuchasmusclecontractionsandjaw
movement. In a typical biomechanicalexperiment,forcesappliedto a materialare
measuredin relationto thesizeof thespecimen.Thisrelationis expressedthroughthe
stress� = f =a, i.e.,theforceperunit cross-sectionalarea.Its basicunit is newtonper
square meter(N=m2). Thedeformationof a solid, resultingfrom stress,is described
by thestrain measure e. For somethingassimpleasa one-dimensionalspringof rest
lengthl r that is stretchedto lengthl , thechangein lengthcanbeexpressedby many
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differentstrainmeasures,for instance,

e1 =
l � l r

l r
or e2 =

l2 � l2
r

2l2
r

;

behaving similarly at low strains,but puttingadifferentemphasison largerstrains.
Deformationcantakemany formsbesidesuniaxialstretching,suchasbendor shear.
Theusefulnessof a strainmeasureis determinedby thestress-strainrelationship:for
instance,a springthat is subjectto a pull, stretches.Thus,anexpressive graphof the
appliedstressover the straine1 canbe plotted. Pertainingto uniaxial stretchingof
many so-calledHookeanmaterialssuchassteel,thesimpleformula

� = E e (6.1)

holdstruefor acertainrangeof stresses.E is aconstantof thematerial,calledYoung's
modulus, andis measuredin thesameunit asthestress.

In general,mostreal-worldmaterialsexhibit muchmorecomplex behavior. The
propertiesof a materialaredescribedby its constitutiveequation. TheHookeanelas-
tic solid is oneof threeidealizedmaterialswith simpleequations,the othertwo be-
ing thenon-viscous�uid andtheNewtonianviscous�uid. As Equation(6.1) shows,
a Hookeanelasticsolid exhibits a linearly proportionalrelation betweenstressand
strain. Thestrainmeasuree of this constitutiveequationcanbegreatlysimpli�ed by
theassumptionof isotropicbehavior, i.e., thestress-strainrelationis consideredto be
independentof thedirection. In theone-dimensionalcase,the materialhasonly one
elasticconstant,Young'smodulusE . If anotherdimensionis addedto thesolid, i.e.,
width, thePoissonratio � is included,describingtheratioof extensionin thedirection
perpendicularto theline of compressionwhenthematerialis squeezed.

While this andthe othertwo idealizedconstitutive equationssuf�ciently charac-
terizemany materialsusedin engineering,skin andmostotherbiologicalsolidscan-
not be properlydescribedby them. Skin hasexperimentallyshown to have a highly
non-linearstress-straincurve: underlow stress,skin haslow resistanceagainstdefor-
mation,becausethecollagen�bers unroll andstretch.Theelastinbaseof theskinbe-
havesverysimilarly to anidealrubbermaterialwith linearstress-strainresponse.With
strongerdeformationthecollagen�bers becomecompletelystretchedandalignedwith
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Figure6.1: Forcef vs.uniaxialstretchratio � for rabbitabdominalskin. Imageafter
FUNG [Fun93].
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thedeformation,leadingto a sharpincreasein resistance.The resultingstress-strain
curve,shown in Figure6.1,is thusessentiallybiphasic.

Acrossthe face,the �bers of the collagenlattice follow certaincontours,theso-
calledLanger's lines. Skin deformsanisotropicallyalongtheselines,furthercompli-
catingthebehavior of thematerial.Giventherestingtensionof theskin, theLanger's
lines indicate,for instance,the directionalong which a surgical cut shouldbe per-
formed.Facialwrinklesalsousuallyalign to theLanger's lines.

Skin exhibits signi�cant viscoelasticproperties,i.e., it behavespartly like anelas-
tic solid andpartly like a viscous�uid. In cyclic loading,thestress-strainrelationship
in theloadingprocessis thusslightly differentfrom thatin theunloadingprocess;this
effect is calledhysteresis. Dueto stressrelaxation, theinducedstresseswill decrease
over time, whena constantstrainis appliedto skin. If, in contrast,the stressis kept
constant,theskin will continueto deform,a phenomenoncalledcreep. Thesebehav-
iors canbe attributedto the incompressibilityof the waterin the fat cells andin the
groundsubstance,and to the delayedmotion of the �bers in the groundsubstance,
causedby the�uids. IncompressibilityalsocausesthePoissoneffect: whenanincom-
pressiblematerialis compressedin onedirection,it will extendperpendicularlyto the
line of compression,maintainingits volume.

As canbe seenfrom this brief introduction,realisticsimulationof the complex
propertiesof skin is a dif�cult task. Even given the currentstateof computepower
availableon a desktopPC, an accuratesimulationusing advancedFEM algorithms
is by far too time-consumingfor real-timefacial animation. Therefore,I usespring
meshes,also called mass-springsystems,a physicalmodel that allows at least the
simulationof non-linearelasticitywith little computationaleffort.

6.2 Spring Meshes

In computergraphics,springmeshesareoftenusedfor modelingskin,cloth,andother
soft materials.Thedeformablebodyis approximatedby a collectionof point masses,
which areconnectedby Hookeanspringelements.The resultingmeshtypically de-
scribesa surface,suchasa textile sheet[BHG92], but volumetriclatticescanalsobe
built [TW90]. Deformationis causedby applicationof forcesto the massnodesof
thesystem.Theresultingnodedisplacementsinduceinternalstrainby stretchingthe
connectingsprings,therebyforcing othernodesto move. Thisprocesscontinuesuntil
thesystemreachesa new equilibrium,wheretheforcesin�icted on eachnodecancel
eachotherout.

6.2.1 Mass-Spring System Formulation

Formally, thepointmassesin suchasystemarerepresentedasasetof N nodesM =
f 1; : : : ; N g. Eachnodei 2 M hasa massmi 2 R+ , aswell asassociatedposition
x i , velocityv i , andaccelerationai , all in R3. At any instantin time,position,velocity
andaccelerationarerelatedby

v i = _x i ; and

ai = _v i = •x i :
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Thenodesareconnectedby a setof M springsS = f 1; : : : ; M g, whereeachspring
s 2 S connectsthenodesps andqs. Eachspringhasacurrentlengthls = kxps � xqs k,
andarestlengthr s, usuallygivenby thespringlengthin therelaxedstateof thesystem.
Thedirectionalforcesprings exertson its endnodeps is thencomputedas

fs = ks
ls � r s

ls
(xqs � xps );

wherethestiffnessconstantks 2 R determinestheelasticityof thespring: thehigher
thecoef�cient, thestrongertheresultingforce. Thespringforce is a non-linearfunc-
tion of xps andxqs , becausesumsof squaresareusedto computels. Thetotalforcen i

on nodei is thesumof all theforcesdueto thespringsstartingfromandtheopposing
forcesdueto thespringsconnectingto it:

n i =
X

s 2 S
ps = i

fs �
X

s 2 S
qs = i

fs (6.2)

6.2.2 The Equations of Motion

The time-dependentbehavior of the point massesin the mass-springsystemfollows
Hamilton'sPrinciple of LeastAction, which statesthatthetrajectoryx i (t) minimizes
theaction,i.e.,thedifferencebetweenthekineticandpotentialenergy, integratedover
time. Minimizing this functionalmeansto look for thepoint whereits derivativevan-
ishes:

d
dx i

� Z t1

t0

L(t; x i ; _x i )dt
�

= 0:

L = T � U is theLagrangian, with T beingthe kinetic energy, andU thepotential
energy of thesystem.Thewell-known Euler-Lagrangeequationof motionis aconse-
quenceof Hamilton'sprinciple,derivedusingspeci�c instancesof theenergy termsT
andU (which arenotspelledout herefor brevity):

mi •x i + 
 _x i � n i � ei = 0; (6.3)

wherethe springforce n i is de�ned asin Equation(6.2), andei representsexternal
forces,suchasmuscle-inducedforces,appliedto thenodes.Thedampingterm,scaled
with 
 , is velocity-dependentandusedto dissipatekinetic energy from the system,
modelingenergy lossdueto friction. This is oftensetto a high valueto stabilizethe
systemin numericalintegration,resultingin overdampedbehavior.

Theforceresultingfrom aparticle'smass,currentacceleration,andvelocityequals
the sumof springforcesandexternalforceson nodei at all times. Giventhe initial
stateof thesystem,thesolutionto theequationof motionthusdescribesthedynamics
of thesystemover time,maintainingthebalancebetweenexternalandinternalforces.

6.3 Numerical Simulation of Spring Mesh Dynamics

Equation(6.3) is asecond-orderordinarydifferentialequation(ODE).Initial positions
x0

i andvelocitiesv 0
i areprovided for all nodesi . For animation,thedevelopmentof

theseparametersover a seriesof discretetime stepsis needed.To solve this initial
valueproblem,theequationneedsto beintegratedthroughtime.
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6.3.1 Euler Integration

A very simple and popular[LTW95, WF95] methodis Euler integration, which is
iteratedoverconstanttimesteps� t:

at
i =

1
mi

(n t
i + et

i � 
 v t
i )

v t+� t
i = v t

i + � tat
i

x t+� t
i = x t

i + � tv t
i

Here,thesecond-orderODE hasbeenrewritten asa systemof two coupledequations
of �rst order. Unfortunately, this methodsuffers from lack of stability, i.e. the time
stepsneedto bevery small if thestiffnessof thesystemis high.

6.3.2 Verlet Integration

A methodthathasbeendesignedfor directintegrationof second-orderproblemsis the
Størmer-Verletmethod,introducedby thephysicistVERLET in 1967[Ver67],but also
attributedto STØRMER, who useda similar methodalreadyin 1905[Ves94]. In this
formulation,theseconddifferentialquotientis replacedby theStirling approximation

at
i = •x t

i =
1

� t2

h
x t+� t

i � 2x t
i + x t � � t

i

i
+ O(� t2):

Solvingfor x t+� t
i leadsto

x t+� t
i = 2x t

i � x t � � t
i + � t2at

i + O(� t4);

thuscomputingthenew nodepositionat time t + � t directly from theknown accel-
erationat

i at time t, with an error in the orderof O(� t4). This accelerationin turn
dependson the velocity v t

i = _x t
i due to the dampingterm of Equation(6.3). In a

popularmodi�cation of theVerletmethod,known astheleapfrogVerlet formulation,
v t

i is thereforeestimatedfrom thevelocitiesv t � 1:5� t
i andv t � 0:5� t

i :

v t
i =

3
2

v t � 0:5� t
i �

1
2

v t � 1:5� t
i

v t+0 :5� t
i = v t � 0:5� t

i + � tat
i

Figure6.2illustratesthestaggeredevaluationorder, towhichtheleapfrogvariantowes
its name.Thismethodis notself-starting,i.e.,valuesfor x � � t

i andv � 0:5� t
i needto be

givento evaluatepositionsandvelocitiesat t = 0. The �rst time stepthushasto be
bridgedusingaself-startingtechnique.LeapfrogVerletintegrationis morestablethan
Euler integration,at comparablecomputationcosts: the externaland internal forces
have to be computedonly onceper time step. Due to theseadvantages,I usethe
leapfrogVerletmethodfor simulationof thefacial springmesh,wheretheinitial time
stepis performedusingEulerintegration.



52 CHAPTER 6. SKIN TISSUE DYNAMICS

t

v t � 0:5� t x t

at

x t � � t v t +0 :5� t x t +� t

v t +� t

Figure6.2: Evaluationof positionsandvelocitiesin the leapfrogVerletmethod.The
known accelerationat atpoint t is usedto computethedisplacementx t ! x t+� t , and
thevelocity v t � 0:5� t ! v t+0 :5� t . Thevelocity v t+� t is approximatedby averaging,
andusedfor thevelocity-dependentdampingfactorin thecomputationof at+� t .

6.3.3 Load-Adaptive Time Stepping

To maximizestability in the real-timesetting,the time steppingof the simulationis
adaptedto theavailablecomputationtime. Thegiven,�x edframerater (in framesper
second)determinesthe time slot t = 1=r betweentwo renderedframes.During the
animation,thetime tx spentexternalto thesimulationprocedureis measured,mainly
including updatesof the musclecon�guration andactualrendering. The time spent
insidethe simulationprocedureis determinedonly by the time ts neededto perform
computationsfor all springmeshnodes.This timeis alsomeasured.Thetimet � tx is
thusavailablefor theskin dynamicssimulation,andI = b(t � tx )=tsc iterationscan
besafelyperformed,eachwith a simulatedtimestepof t=I . Figure6.3 illustratesthis
correlationbetweenrenderingtimeandsimulationtime for oneframe.

This schemeassumesthat eachiteration of the numericalintegrationalgorithm
takesthesametime, which is a valid assumptiongiventheconstantnumberof nodes
andsprings. Overall systemload canvary in a multi-taskingenvironment,though.
Therefore,thetimemeasurementsareupdatedandaveragedperframetoachievebetter
adaptationto thecurrentcomputingcapacity.

6.4 Spring Mesh Construction

Thetrianglemeshsurfaceof theheadmodelis usedasthestartingpoint for modeling
theskinstructure:directconversionof thenodesandedgesof thismeshto masspoints
andspringsresultsin a springmeshrepresentingepidermisanddermis. The initial
stiffnessconstantof asprings is computedaccordingto VAN GELDER [Van98]:

ks = Es(ls)

P
t2T s

area(t)

r 2
s

;

wherethe numeratoris the summedareaof the (one or two) trianglesTs incident
uponsprings, r s is thespring'srestlength,andls is thespring'scurrentlength,where
initially ls = r s. Es representsthetwo-dimensionalYoung'smodulusof thesimulated
membrane.The valueof Es dependson the currentlengthof springs: assigninga
constantstiffnessto the springsrestrictsthe simulationto linearly elasticmaterials,
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b(t � t x )=tsc steps
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t1 t0 + t

measured
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Figure6.3: Simulationandrenderingwithin oneframe,with a prescribedtime t per
frame. Within that real-timeinterval, the simulationis advancedto t0 + t andren-
deringandmuscleupdatesareperformed. Measurementsof computationtimes for
onesimulationstepts and“everythingelse” tx arecontinuouslyupdated.Typically,
someamountof time < ts is left whenoneframeis done,so the simulationloop is
re-enteredalreadyat t1 for processingof thenext frame.

i.e., thespringsalwayselongateproportionallyto theappliedstrain. Thus,to model
thebiphasicstress-strainbehavior of skin,thestiffnessconstantis modi�ed at runtime
accordingto thecurrentdeformationof springs. Thevaluesareempiricallychosenas

Es(ls) :=

(
100 , if ls

r s
< 1:5;

1000 , else.

To computethemassof thespringmeshnodes,themassdensityof theskin tissue
is approximatedwith an averagevalue of 1100 kg=m3 [Duc90]. The surfacearea
of the headmodel is the total areaof all trianglesin the mesh. Togetherwith the
assumedaveragethicknessof the skin, the total massof the skin is computed.This
massis �nally evenly divided amongthe meshnodes.For the referenceheadmodel
(seeSection5.1)with 2 mmskin thicknessand1027vertices,this resultsin 0.31g per
node.To avoid unnecessarycomputationsfor thestaticregionsof theheadmodel,the
springmeshisonly constructedonthefaceregionof theheadmodel.For thereference
headmodelthe surfacespringmeshis thuscomprisedof only 1791springsand625
nodes.

The connectionto the bonestructureand the musclelayer is built by inserting
additionalsprings.To this end,staticmassnodesareplacedon the skull andon the
musclesurfaceasshown in Figure6.4(a)andconnectedwith nodeson the surface.
Thesemusclelayer attachmentsarediscussedin more detail in Section7.4.6. The
additionalspringshaveratherlow stiffnessconstantstosimulatethefattysubcutaneous
layerthatallowsskinto slidefreelyontheskull andonthemusclelayer. Theconstants
have againbeenchosenempirically: theskin-muscleconnectionhasa stiffnessof 10,
andtheskin-boneconnectionis assignedavalueof 30.

Theskinmodelasdescribedsofar hasnonotionof volumepreservation.Theskin
maythuspenetratethemuscleandbonelayerswhenstretched,or evenfold over. The
problemis solvedby attachinganotherspringto eachmeshnodethatpulls the node
outwards. Theadditionalspringmirrorsthespringthatattachesit to theboneormuscle
layer, alsoshown in Figure6.4(a). This resultsin a surfacenodemoving preferably
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Figure6.4: Mass-springsystem.a) Springsconnecttheskinsurfaceto skull andmus-
cles;attachmentsaremirroredoutwards.b) Springsconstructedfrom referencehead
geometry. Black biphasicspringscorrespondto surfaceedges;redspringsconnectto
bonesandmusclesandsupportskin tension.

tangentiallyto theskull andmusclesurface.Intersectionof theskin with the deeper
layersis effectively avoidedwith thismechanism,althoughnotcompletelyruledout—
violent skin distortioncould still causepenetration.As a physicalinterpretation,the
mirroredspringscanbeinterpretedasamodelof theoutward-directedforceresulting
from theinternalpressureof askincell. Figure6.4(b)showsthecompletespringmesh
for thereferencehead.

6.5 Discussion

The Verlet leapfrogmethodusedhereis a popularnumericalintegrationschemein
physics[Ves94], andis alsousedin computergraphicsapplications[TG98]. A vast
numberof othernumericalintegrationschemesis available,with varyingadvantages
anddisadvantages.Implicit methodscurrentlyexperiencea renaissance,especiallyin
clothanimation[BW98]. While theimplicit formulationallowsfor largertimestepsin
very stiff equations,they requirethesolutionof a systemof non-linearequationsper
step.Thefew givenexperimentaltimings in theliteratureindicatethat theusefulness
of implicit solversin real-timeanimationis still limited [BW98, HE01, VMT01], even
thoughthemethodscomparefavorablywithin theclothanimationdomain.Additional
dif�culties arisewhenmodelingthenon-linearstiffnessof skin. I haveusedtheexplicit
Verlet integration schemesince it shows adequateperformanceand betterstability
thantheEulermethod,at similar easeof implementation.On a 1.7 GHz XeonCPU,
the simulationof the meshdepictedin Figure6.4 achievesstable50 Hz. Table6.1
summarizesthespringmeshparametersusedin theexperiments.

As thestatisticsin Figure6.5 show, thesimulation(includingsurfacenormalup-
dates)takesup lessthanhalf of theavailabletime betweenframesat that rate.Future
useof alternativeintegrationmethodsmaybemotivatedfor instanceby morecomplex
skin tissuemodelswith a largerstiffnessrange.An obviouspossibility for improving
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#skinsurfacesprings 1791 Es low 100
#skinsurfacenodes 625 Es high 1000
#additionalsprings 625 stiffnessskin-musclesprings 10
#additionalstaticnodes 1250 stiffnessskin-bonesprings 30
nodemass 0.31g dampingcoef�cent 
 30

Table6.1: Springmeshdataata glance,for thereferencehead.

theintegrationalgorithmis theintroductionof variabletimesteps:largerstepscanbe
takennearstablestates.For instance,BARAFF andWITKIN examinethestretchforces
of thematerialat every frameto adjustthestepsizedynamically[BW98].

Thespringmeshstructurepresentedin thischapterincorporatesskull non-penetra-
tion constraints,andalsoresistsvolumecompressionin the vertical direction. The
main bene�t comparedto local geometricconstraints[LTW95] is the absenceof an
explicit constraintmechanism:no evaluationof skull geometryor skin cell volume
hasto beperformedwith eachtimestep.In practice,themechanismeffectively avoids
undesirablemotion of theskin throughthe muscleandskull layers,at low computa-
tional cost.

Figure6.5: Timings for springmeshupdate.Thevaluesaregivenin ms,with a total
frametime of 20 ms. Also includedis theupdateof surfacenormals,necessaryafter
skindeformationfor properrendering.Besidesrendering,theremainingframetime is
spenton muscleupdates,cf. Figure7.21in Section7.7.
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Facial Musc le Model

Theanatomicaljuxtapositionof twoorbicularisoris musclesin a stateof contraction.
– Dr. HenryGibbons,de�nition of a kiss

Overthepastdecades,differenttypesof biomechanicalmodelshavebeendeveloped
that re�ect the growing body of knowledgeaboutthe complex structureof muscles
[KS98]. Thesemodelsfocus on the replicationof the dynamicsof a muscleunder
isotonicandisometriccontractions,i.e., thechangesof muscle�ber lengthsandgen-
eratedforcesover time (seeSection4.3.1). Isotoniccontractionis themostimportant
modeof contractionpertainingto the display of expressionson the face. A virtual
musclemodelalso shouldsupportthe variousmuscleshapecon�gurationsthat ex-
ist in the humanface,exempli�ed in Figure7.1: long andthin strands,broadsheets,
curvedmuscles,andsphincters.

In my musclemodel,a muscleis representedasa bundleof �bers, eachof which
hasa piecewise linear polygonasits control structure,similar in spirit to the model
developedby LEE et al. [LTW95]. Geometricshapesareattachedto the segments
of this control polygon. Isotonic contractionof a virtual muscleis controlledby a
numericalparameter, causingshorteninganddeformationof themusclegeometry. The
simplifying assumptionis madethatall musclecontractionsin thefacearecarriedout
instantaneously, i.e., that the internalmuscledynamicsandtime dependentbehavior
canbeneglected.

Fiber-basedmusclemodelsarecommonplacein thefacial animationcommunity.
The model I proposehereextendsthe basicconceptto incorporatemany important
featuresof musclebehavior pertainingto theface,raisingthelevel of realismandex-
pressivenessthatcanbeachieved.I �rst discussthesefeaturesin thefollowingsection,
beforedelving into thedetailsof themusclemodelimplementationin Section7.2. A
solution for the problemof practicaldesignandconstructionof a set of musclesis
demonstratedin Sections7.4 and7.5. The chapterconcludeswith examplesanda
discussionof thecapabilitiesandlimitationsof theproposedmusclemodel.

7.1 Obser vations on Musc le Contraction

The musclemodelsusedin currentphysics-basedfacial animationsystemsemulate
theshorteningof singleor groupedmuscle�bers underisotoniccontraction.A closer
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Figure7.1: Dif ferentmusclelayoutsasthey appearin thehumanface:1) longandthin
strands(zygomaticusmajor); 2) broadsheets(frontalis); 3) curved muscles(levator
labii superiorisalaequenasii)4) sphincters(orbicularisoris). Image:[SF00]

examinationof the behavior of real facial musclesrevealsthat a numberof visible
effectsresultingfrom musclecontractionarenot supportedby simplemodels:

Interweaving: Musclesareoften layered,sliding freely acrosseachother. But, as
WATERS andFRISBIE pointout[WF95],musclesmayalsointertwineandmerge
so that their actionsarecoupled—afact that canbe observedespeciallyin the
region aroundthemouth. Many of themusclesfrom the lower facemerge into
theorbicularisoris,for instance,thezygomaticusandthelevatorlabii superioris.

Elastic deformation: Themerging of musclesresultsin mutualdeformationon con-
traction, i.e., the movementand deformationof a musclecan be causedand
constrainedby othermuscles. It can thusnot only actively contract, but also
bepassively stretched. This is prevalentin themovementsof themouth,since
nearlyall of the musclesin the lower facemerge into the orbicularisoris. A
smile,for instance,causedby contractionof thezygomaticusmuscles,pulls at
the upperlip part of the orbicularisoris, leadingto stretchingof this muscle,
alsoelongatingand straighteningthe triangularismuscles(which are �x ed at
thechin,andalsomergeinto theorbicularisoris).

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

Independentcontraction of �bers: Musclesarecomposedof many parallel �bers,
which mostlycontractin unison,shorteningby equalamounts.But especially
theorbicularisoris is capableof muchmorearticulatedmotion, resultingfrom
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differentcontractionof the�bers in thevarioussegments.Lips canbeprotruded
or retracted,andthe upperandlower lip areable to move independently. For
instance,during the articulationof an “f ”, the upper lip protrudeswhile the
lower lip retracts.

Theseeffects suggesta musclemodel basedon physical properties,coupledwith
propernumericalsimulation, for instanceusing �nite elementmethods. However,
in the context of real-timeanimationthe computationaloverheadis prohibitive. To
producerealisticanimation,I thusemulatethelistedbehaviorsby anumberof simple
geometricdeformations,plusacoarseapproximationof thenetworkof interconnected
musclesusinglinearlyelasticsprings.

7.2 Vir tual Musc le Representation

The musclesarebuilt from individual �bers that are in turn composedof piecewise
linearsegments.These�bers canbecombinedinto parallelgroupsto form sheetsof
arbitrarywidth. Thesurfaceof themuscleis producedby theunionof thegeometric
shapesthatareattachedto the segments.Two typesof contractionaresupportedby
themodel:a linear musclecancontractalongits lengthtowardsone�x edend,while a
sphinctermusclecontractstowardsa centerpoint, typically in a directionroughlyor-
thogonalto thedirectionof the�bers. Both muscletypesareessentiallydescribedby
thesametypeof controlpolygon,but asphincter'srepresentationincludesthespeci�-
cationof thecenterof contraction.Theinternalrepresentationof themuscleby control
polygonandassignedgeometricshapeis discussedin this section.Sincetheprocess
of computingthedeformationof asetof interconnectedmusclesis rathercomplex, the
detailsof musclecontractionaredescribedseparatelyin Section7.3.

7.2.1 Musc le Contr ol Polygons

A muscle�ber consistsof N control pointsp i 2 R3 (i = 0; : : : ; N � 1) forming a
controlpolygonP. A linearmusclealwayscontractstowardsp0. A sphinctermuscle
hasanadditionalcenterof contractionp � , towardswhichthecontrolpointswill move.
For reproducingprotrusionandretractionof theorbicularisoris, a staticcentralpoint
of contractionis not suf�cient. Thus,p � canmove alonga centralaxisa0a1, giving
themuscleanadditionalparametera 2 [0; 1] thatdescribesthepositionof thecurrent
contractioncenterbetweenthe axis endpointsa0 anda1: p � = (1 � a)a0 + aa1.
Figure7.2shows examplepolygonsfor a linearanda sphinctermuscle.Notethatthe
polygonfor a sphinctermuscleis not closed,contraryto what onewould expectfor
a circularmuscle.This is essentialfor themodelingof musclesthatconsistonly of a
semi-arc.In fact,noneof themusclesin thefaceis reallyaclosedring: theorbicularis
oculi is attachedto thenasalroot,andtheorbicularisorisconsistsof severalparts(see
Section7.6).

7.2.2 Musc le Segment Shapes

Eachmusclesegmenthasa local coordinateframe,de�ning its currentorientation,
width, length,andheight. Theaxesof this framearede�ned by thesegment's direc-
tion, asgivenby connectingthecontrol points,andanadditionalup vector, pointing
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Figure7.2: Piecewiselinearmuscle�bers with controlpolygonsP = f pi g. Left: �ber
of a linearmuscle;right: asphincter, with contractioncenterpoint on thecentralaxis.
Arrows indicategeneraldirectionof contraction.

towardsthe skin. The third axis—for the width dimension—isconstructedorthogo-
nally to thesetwo. Figure7.3(a)showstwo framesbelongingto consecutivesegments
of a muscle�ber. The framesareusedto storethe positionsof springmeshnodes
thatattachto the segmentsin segment-localcoordinates.Deformationof themuscle
changesthelocal frames,andtheattachedspringmeshnodesaredisplacedaccording
to their new absolutepositions. More detailsaboutthe connectionof skin andmus-
clesaregiven in Section7.4.6. The importantpoint hereis that the changesof the
local coordinateframesduringmuscledeformationcompletelyde�ne thein�uence of
the muscleonto the skin layer, with no further informationaboutmusclegeometry
required.

Nonetheless,an actualmusclesurfaceneedsto be de�ned to �nd the points of
attachmentfor the springmeshnodes. To this end,a geometricshapeis alignedto
eachsegment's local coordinateframe. This segmentgeometryis usedfor visualiza-
tion duringinteractiveconstructionof amuscle,andfor attachmentto thespringmesh
system.Theattachmentprocessasdescribedin Section7.4.6requiresray intersection
tests,normalcomputation,andinside/ outsideteststo beperformedon thegeometry.
Ellipsoidslendthemselveseasilyto thesetasks[CW92], but requirea certainoverlap
betweenneighboringsegmentsto avoid largeholesin themusclesurface[KHS01b].
Still, gapscannotbe completelyavoidedwithout makingtheellipsoidstoo large, re-
sulting in rarefailuresof ray intersectionsor containmenttestsat the transitionsbe-
tweenmusclesegments.Figure7.3(b) shows �bers of a musclewith attachedellip-
soids.

Theselimitations are avoided by using a box-like shape[KHYS02]. For each
�ber, achainof polygonalboxesis constructed,alignedto theframeaxes.To obtaina
closedsurface,thecornerverticesof adjacentboxesareuni�ed at theaverageof their
positions.In contrastto theellipsoidsegments,theverticesof theboxshapesthusneed
to berecomputedaftera deformationof themuscleif themuscleis to bevisualized.
Also, ray intersectiontestsandpoint inside/ outsidetestsaremorecomplicatedthan
with a quadricsurface,requiring testingagainstthe polygonalrepresentationof the
box. The advantageis a morewell-de�ned musclesurfacewithout gaps. As stated
above, thecomplexity of thegeometricrepresentationof thesegmentsis in any case
inconsequentialfor therun-timeperformanceof thesystem.Figure7.3(c)shows�bers
of a muscleswith attachedboxes.
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Figure7.3: Musclesegmentgeometry. a) muscle�ber with frames;b) ellipsoidsas-
signedto threeneighboring�bers; c) boxesassignedto �bers.

7.2.3 Musc le Connection Constraints

A muscletypically consistsof many �bers runningin parallel.Toeasethemanagement
of muscleconnections,I usesimpli�ed versionsof themuscles,essentiallyrepresent-
ing eachasa single�ber. In particular, thefollowing simpli�cations aremade:

� All parallelsegmentsin thecontrolpolygonsof a muscle's �bers aretreatedas
a union.Thisunionwill bereferredto asa segmentof themusclein contrastto
asegmentof a �ber .

� Thepositionsof parallel�ber controlpointsp i areaveraged,beingdenotedas
thecontrolpoint �p i of a muscle. For discussionof themuscleconnections,it is
oftennecessaryto refer to particularmuscles.An upperindex will be usedto
denotethis,so �pm

i is thei -th controlpoint of musclem.

� Displacingthe control point of a muscleis carriedout by applying the same
displacementto theindividual �ber controlpointsit represents.

Thefreeendof alinearvirtual musclecanbeconnectedto asequenceof segments
onany othermuscle.Theconnectionsareautomaticallydetectedby testingtheshapes
assignedto the end segmentof eachmusclefor intersectionwith the shapesof all
othermusclesegmentsduringinitialization. Only theendsegmentsareconsideredfor
testingto allow musclesto freelycrosseachotherwithout interaction.For eachof the
S connectedcomponentsin the segmentintersectiongraph,a constraint groupwith
index k; 0 � k < S, is setup. Eachsegmentis boundedby the two musclecontrol
pointsat eitherend,andfor eachpair of segmentsin groupk the two pointsclosest
to eachotherareidenti�ed. ThesetCk � N2 referencesthesepairsof nearbycontrol
pointsby their muscleandpoint index: (m; i ) 2 Ck refersto the position �pm

i . The
initial distanceof eachpoint in groupk to thegroup's centroidis computedaswell,
denotedby dm;i

k . An exampleshowing threemusclesmerging into a fourth muscleis
shown in Figure7.4.

Oncethe constraintgroupshave beenformed,a simplemass-springsystem,ap-
proximatingtheelasticbehavior of thenetworkof intertwinedmuscles,is constructed.
An examplefor a springmeshconstructedin this way is shown in Figure7.5. This
systemis setup in four steps:

1. Massnodesarecreatedfor all �pm
i ; (m; i ) 2 Ck , containedin eachconstraint

groupk (cf. thegreenandreddotsin Figure7.5).

2. The nodesthat belongto the samemuscleareconnectedby a spring, thereby
linking constraintgroupsto eachother(cf. theredlinesin Figure7.5).
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Figure 7.4: Formation of constraintgroups. The muscles1,2, and 3 merge into
muscle0. Two constraintgroupsare formedby intersectingsegmentshapes:group
0 (green)and group 1 (red); the musclecontrol points �pm

i are averagedfrom the
�ber control points. The control point indicesare collectedfor eachgroup: C0 =
f (0; 1); (0; 2); (1; 1); (2; 1)gandC1 = f (0; 3); (3; 1)g.

3. For every linearmusclewhoseendcontrolpoint is partof a constraintgroupa
staticnodeis createdat thepositionof the �rst musclecontrol point (the �x ed
boneattachment).A spring is insertedconnectingthis �x ed nodeto the end
point (cf. theblackdotsandlinesin Figure7.5).

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

7.3 Musc le Deformation

For eachframeof an animation,the currentcontractionof eachmuscleis speci�ed
asa scalarparameterc 2 [0; 1], wherec = 0 meansno contractionandc = 1 full
contraction.Thesphincterparametera 2 [0; 1]maybespeci�edto move thecenterof
contractionfor thatmuscle.Themusclesalwaysdrivetheskindeformationandarenot
in turnmovedby theskin. However, someof themusclesareattachedto themandible,
following its rotation.Thejaw rotationangleis thussetbeforeupdatingthemuscles.
In reality, thosemusclesarepulleddownwardsby theskin tissuethey areembedded
in, which is in turn attachedto thejaw bone.

Theprocessof translatingmusclecontractionparametersinto deformationof the
muscleand�nally displacingtheattachedskinnodesis carriedout in separatestages.
The�rst threestepsworkentirelyonthecontrolpolygons,thenthelocal frameof each
segmentis updated,and�nally thein�uence on theskin tissuelayeris computed:

1. Deformeachmuscle�ber accordingto currentcontractionvaluesandjaw rota-
tion.

2. Satisfymuscleconnectionconstraints.
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Figure7.5: The springmeshconstructedto connectthe two constraintgroupsfrom
Figure7.4.Blacknodesarestaticpoints,redandgreenonescorrespondto themuscle
controlpointsin the constraintgroups.Line colorsred,black,andgreencorrespond
to steps2,3,and4 asexplainedin Section7.2.3.

3. Relaxunconstrainedpartsof themusclethathave beenstretched.

4. Computeshapechangesdueto bulgingandstretching.

5. Updateattachedspringmeshnodes.

Thefollowing Sections7.3.1to 7.3.5explain thesestepsin detail.

7.3.1 Evaluating Jaw Rotation and Musc le Contraction

Eachmuscleis attachedeitherto the skull or to the jaw. This is doneautomatically
during muscleconstruction,asdiscussedin Section7.4.5. If a muscleis attachedto
thejaw, its initial controlpointsP will berotatedaroundtherotationalaxisof thejaw
by the currentangle. To avoid unnecessarilycomplicatingthe notation,it is silently
assumedin thefollowing that thelower facecontrolpolygonshave beentransformed
in thisway, beforethecontractionof the�bers is computed.

For a linear muscle�ber, given the contractionvaluec, a new control polygon
Q = f q i gN � 1

i=0 is computedfrom P = f p i gN � 1
i=0 . To this end,eachcontrol point

p i 2 P is assigneda parametert i 2 [0; 1] describingthe point's position on the
polygon:

t i :=

8
<

:

0 , if i = 0;
P i

j =1 kp j � p j � 1 k
P N � 1

j =1 kp j � p j � 1k
, else.

The parameterst i are scaledby the contractionfactor (1 � c) and then clampedto
[0:01; 1] to avoid shrinkingasegmenttoo much:

~t i := maxf (1� c)t i ; 0:01g:

Next, eachparameter~t i is mappedto the index ki 2 f 0; : : : ; N � 2g of the starting
point of thesegmentthatcontains~t i :

ki :=

(
0 , if i = 0;

j : t j < ~t i � t j +1 , else.
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Figure7.6: Contraction(c = 1
2) of a linear (a) anda sphincter(b) muscle�ber. The

controlpointsf p i g andf q i g representtherelaxedandcontractedmuscle,respectively.

Finally, thenew controlpointsq i arecomputedby linearinterpolation:

q i := pki + (pki +1 � pki )
~t i � tki

tki +1 � tki

:

Thenetresultis ashorteningof the�ber by afactorof c, wherethecontrolpointsmove
alongthepathdescribedby theoriginal controlpolygon,asshown in Figure7.6(a).

For sphinctermuscles,segmentsaresimply contractedtowardsthecurrentcenter
point p � 2 R3 (seeFigure7.6(b)):

q i := p � + (1 � c)(p i � p � ):

To accommodatefor thenon-homogeneouscontractionof theorbicularisoris, the
�bers of a sphincterareallowedto protrudeby differentamounts.The outerpart of
the orbicularisoris (directly beneaththe nose)protrudesvery little, sincethis part is
constrainedby othermusclesandthe skull attachmentof thesurroundingtissue.On
theotherhand,theinnerlip partcanmovefreely. This is realizedby varyingthecenter
of contractionon each�ber. Pointsontheoutmost�ber contracttowardsthepointp?

foundby directprojectionof p i ontothevectora = a1 � a0:

p? = a0 +
�

a � (p i � a0)
kak2

�
a

Theinnermost�ber pointsusep � . For a musclewith f > 1 �bers runningin parallel,
the�bers arenumberedfrom 0 to f � 1, startingat theoutmost�ber. Thecontraction
centerp �

j usedby the pointson �ber j is found by linear interpolationbetweenthe
extremepoints:

p �
j =

j
f � 1

p � +
�

1 �
j

f � 1

�
p? :

Theeffect is shown in Figure7.7.

7.3.2 Keeping Musc les Connected

After deformationdueto musclecontractionhastakenplace,themusclecontrolpoints
in theconstraintgroupsarenot locatedcloselytogetheranymore.This is correctedin
a two-stepprocedure.
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Figure7.7: Two-partorbicularisoris model. Left: relaxed statewith closedmouth,
front view. Center:protrudedlips, slightly openedmouth,sideview. Right: upperlip
retracted,lower lip movedupwardandinward.

Geometric Constraint Resolution

First, thepoint positionsin eachconstraintgroupk aredisplacedto regaintheir initial
distancefrom thegroupcenter. Thecurrentgroupcentergk is computedasaweighted
averageof thecontrolpoints�qm

i ; (m; i ) 2 Ck , wheremuscleswith ahighercontraction
valuealsohave ahigherweight,therebydrawing thenew centerpoint towardsthem:

wk =
X

m2M k

1 + �c m ;

gk =
X

(m;i )2Ck

�
1 + �c m

wk
�qm

i

�
;

whereM k is thesetof differentmuscleindicesin Ck , andcm denotesthecontraction
valueof musclem. The formulationguaranteesthat for a setof completelyrelaxed
muscles(cm = 0), thegroupcentergk will be locatedin the centroidof thecontrol
points.Thein�uenceof themusclecontractionisscaledby theparameter� , whichcan
beviewedasa measurefor theincreasingstiffnessof themusclesundercontraction:
a valueof � = 0 evenly distributesthe in�uence of eachmuscle,regardlessof its
contractionstate.Highervalueslet themorestronglycontractedmusclesexertahigher
“force” ontogk . A valueof � = 30 is usedin practice.

Given the new centerpoint, the �qm
i aremoved directly towardsit to restorethe

initial distance:

8(m; i ) 2 Ck : �qm
i  dm;i

k
(gk � �qm

i )
kgk � �qm

i k

Thismechanismimplementsthedesiredbehavior thathighly contractedmusclesexert
a strongerpull on theothermusclesconnectedto it. Figure7.8 demonstratesthis for
oneconstraintgroup.

Dynamic Constraint Resolution

For smallermusclecontractions,theabovegeometricmethodsuf�ces to keepthemus-
clesconnected.With strongerdeformations,it doesnot warrantgoodconnectionof
themergedmuscles,though.Also, theeffect of onemusclepulling at anothermuscle
is too local: thedeformationat oneconstraintgroupshouldalsohave an in�uence on
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Figure7.8: Geometricconstraintresolutionfor theconstraintgroup0 from Figure7.4.
Left: Musclecontrolpointsandcenter(greencross)at rest,with distancefrom points
to center(greenlines). Center: The two top musclesarecontracted,displacingthe
centerof thegroup.Right: Musclecontrolpointshave beenmovedto restoreoriginal
distances.

distantpartsof the muscle. To get an approximationof this type of elasticmuscle
behavior, themusclecon�guration resultingfrom thegeometricconstraintresolution
stepservesasaninitial guessfor aglobalconstraintresolutionbasedon dynamicsim-
ulationof thespringmeshdescribedin Section7.2.3.

The nodepositionsof the springmeshareupdatedaccordingto the new muscle
control pointsresultingfrom the geometricconstraintresolution. The rest lengthof
the springsis set to the currentdistancebetweentheir endnodes,representingthe
preferredlengthof eachmuscle.A numericalsimulation,similar to theonedescribed
in Chapter6, distributesforcesacrossthe linked musclesegments.Eachrun of this
simulationspansthe time betweentwo renderedanimationframes. All massnodes
startfrom their reststateeachtime,sothereis nocontinuousupdateover thecourseof
theanimation.The springmeshis typically very small—in the implementedmuscle
setit consistsof Nn = 70 nodesandNs = 143springs.Thenumericalsimulationis
thuscarriedout quickly andtakesup only a small fractionof theoverall computation
time. Seethe statisticsin Section7.6 for details. The springmeshparametersare
de�ned with a nodemassof mi = 0:01 g (i = 0; : : : ; Nn � 1), a dampingfactor

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

7.3.3 Musc le Relaxation and Stretching

Whencontrol pointson a musclearepulled at by other muscles,the lengthsof the
�ber controlpolygonschange.To simulatestretchingof anelasticmuscle,thecontrol
polygonsare straightenedout accordingto the elongation. The control points that
arepartof constraintgroupsareheld �x ed in this step,but eachsectionbetweentwo
groupsalongthelengthof themuscleis modi�ed, includingthesectionstowardsthe
muscleends.

Letu andv beindicespointingtoneighboringconstrainedcontrolpointsona�ber.
If this musclesectionis fully stretched,thecurrentpointsq i ; u < i < v areprojected
ontotheline connectingqu andqv, asillustratedin Figure7.9.Thetargetpositionst i

on this line arecomputedby assigningparametersin the interval [0; 1] to thecontrol
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q0
u +1

t u +1
qv

qu

qu +1

Figure7.9: Musclerelaxationof two neighboringconstrainedmuscle�ber sections.
Theblacknodesarepartof aconstraintgroup,thewhitenodesareunconstrained.The
muscleis straightenedin the unconstrainedpartsby projectingcontrol pointsonto a
line.

pointsandmappingthemontotheline segment:

t i :=

8
<

:

qu , if i = u;

qu + (qv � qu)
P i

j = u +1 kq j � q j � 1 k
P v

j = u +1 kq j � q j � 1 k , else.

Thenew positionfor controlpoint i is linearly interpolatedbetweenq i andt i , accord-
ing to the elongationof the �ber. First the rest lengthl r andthe currentlengthlc of
the“closedmuscleloop” is computed,i.e., thelengthof thecontrolpolygonif its end
pointswereconnected:

l r =
N � 1X

i =1

kp i � p i � 1k + kpN � 1 � p0k

lc =
N � 1X

i =1

kq i � q i � 1k + kqN � 1 � q0k

Theselengthsareusedto computea weight w for the linear interpolation,which is
clampedto therange[0; 1]:

w = max
�

1; min
�

0;
lc � l r

l r
�

� �

If themuscleis relaxedandnot stretchedat all, w equalszero. On theotherhand,as
the loop lc becomesbiggerdueto pulling at the control verticesof the muscles,the
valueapproaches1.0, which is reachedwhenlc = 2l r . The parameter� is usedto
modelthestiffnessof themuscle:thehigherthevalue,themoredoesthemuscle�ber
respondto the stretchingstress.In practice,I use� = 4. Now the interpolationis
performedto displacethecontrolpoints:

q0
i  q i (1 � w) + t i w:

In this formulation,musclecontractioncounteractsstretching,sincelc becomes
smallerfor a shortenedcontrol polygon. A contractingmusclewill thusstill closely
follow thepathprescribedby its controlpolygon,whilemusclesthatstretcharestraight-
enedout.
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Figure7.10: Relaxed (left) andcontracted(right) muscles:a single�ber (top) anda
sphincter(bottom)modelingtheorbicularis oris

7.3.4 Updating Musc le Geometry: Bulging and Thinning

With the previous steps,the muscle�ber control polygonshave assumedtheir �nal
form for the currentanimationframe. The last stepin deformationof the muscles
modi�es the segmentgeometryto simulatebulging andthinning. Realmusclesget
thicker on contractionand thinneron elongation;simulatingthis behavior enhances
visual realism: whenthe facesmiles,the lips retractslightly asthey stretch. On the
otherhand,the lips geta little thicker, whenthemouthformsan“o” or a kiss. For a
linearmuscle,its centershouldexhibit thehighestbulge,correspondingto thebelly of
a realmuscle.Sphinctersontheotherhandbulgeevenly in my model.

Bulging is achieved by scalingthe heightof eachmusclesegmentq i q i +1 by a
bulgefactorbcomputedfrom thechangein musclelength:

b := 1 + �

 

1 �

P N � 1
i=1 kq i � q i � 1k

P N � 1
i=1 kp i � p i � 1k

!

Choosing� = 5 asa reasonablevalue,a musclethat shortensto 75% of its original
lengthis scaledin heightby b = 2:25. In contrast,if themuscleis stretchedto 125%,
thescalefactoris b = � 0:25, thinningthemuscleby 1=4 of its height.For asphincter
muscle,b is directlyusedin thismannerto scaletheup axisof all segments.

For eachlinear musclewith at leastthreesegments,the bulge is modulatedper
segmentwith a simplequadraticfunctionthatvanishesover the�rst andlastsegment
andhasamaximumvalueof 1.0overthecentralsegment.In thiscase,theper-segment
bulgefactorbi is computedas

bi := 1 + �

 

1 �
P N � 1

i=1 kq i � q i � 1k
P N � 1

i=1 kp i � p i � 1k

! "

1 �
�

2i
N � 2

� 1
� 2

#

:

Figure7.10illustratestheeffect of this simpleheuristicfor sphincterandlinearmus-
cles.
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Figure 7.11: Updateof attachedspring nodeson musclecontraction. Masspoints
moving dueto thecontractionaremarkedby � . SeealsoFigure6.4 in Chapter6.

7.3.5 Updating Attached Spring Nodes

Themovementanddeformationof the�ber segmentsis usedtobuild anew localframe
for eachsegment. To this end, the frame associatedwith the original line segment
p i p i +1 is transformedto the new segmentq i q i +1 using an af�ne transformation,
incorporatingtranslation,rotation,andscaling.Thetranslationvectort i is simply the
offsetbetweentheold andthenew centerof thesegment:

t i :=
1
2

(q i + q i +1 ) �
1
2

(p i + p i +1 ):

Therotationalpartis thesmallestrotationthatalignsv i = p i +1 � p i tow i = q i +1 � q i :

ai := v i � w i ;

� := acos
�

v i � w i

kv i k � kw i k

�
;

whereai is the axis of rotation,and� its angle. Finally, the new frameis scaledto
the length of q i q i +1 and the height that resultedfrom the bulging step. This new
segmenttransformationis now appliedto theattachmentpointsstoredin frame-local
coordinateswith eachsegment.Theresultingworld spacedisplacementof eachnode
is appliedto its mirror node(seeFigure7.11andSection6.4). As a simpleoverrelax-
ationscheme,thedisplacementis alsoappliedto thenodeontheskinsurface,situated
betweenthe springattachingto themusclesurfaceandits mirror. This movementis
usually too violent, sincethe skin doestypically not follow the musclecontraction
completely. But asa �rst estimate,it helpsto speeduptheconvergenceof thesimula-
tion, which is run for onetime stepafter thespringmeshnodeshave beenupdatedas
describedhere(seeChapter6).

Only for visualizationof themuscle,the �ber segmenttransformationis alsoap-
plied to theassociatedsegmentshape.Normally, theshapeitself doesnot needto be
updatedduringanimation.

7.4 Building Musc les from Geometr y

The previous sectionsdiscussedhow virtual musclesare representedanddeformed
duringanimation.It is in principlepossibleto manuallyput togethermusclesby lay-
ing down controlpolygonsandspecifyingsegmentshapes.For any practicalsystem,
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Figure7.12:A simplegrid (left, zygomaticusmajor)andanon-uniformcomplex grid
(right, orbicularisoris).

though,the constructionof musclesmustbe aidedby the computer. In this section,
I describea methodthat allows automaticconstructionof a setof musclesbasedon
givenfacialgeometry, for instance,ahumanheadmodelcreatedfrom rangescandata.
Sincethemusclesof thefacelie closelyunderneaththeskinandhaveagreatin�uence
on theshapeof thesurface,it is possibleto derive theshapeof themusclesfrom the
surfacegeometry. Thisapproachis usedto interactively sketchmusclesascoarseout-
linesontoa polygonalheadmodel,describedin Section7.5. This interactive method
hasto beusedonly for theinitial designof themusclestructureon thereferencehead
model (seeSection5.1). Whenthe referencemodel is adaptedasa whole to given
targetgeometry, themuscleoutlinesareautomaticallyadaptedwithout furtheruserin-
tervention. Theactualmuscleshapeis alwaysconstructedfrom theseoutlinesby the
algorithmexplainedin thefollowing.

7.4.1 Musc le Shaping Overvie w

Theoutline is de�ned on the facial geometryandcanbe of arbitrarydetail, from the
minimumof aquadrilateraluptohighly complex grids,asshownin Figure7.12.Given
theskin meshandsucha musclegrid, anoptimizationproceduredeterminesthe fol-
lowing parametersneededto createthemuscles:

� thenumberof muscle�bers;

� thenumberof segmentsper�ber;

� width, height,andlengthof eachsegment;

� positionof each�ber controlpoint;

� alignmentof eachsegmentshapecoordinatesystem.

Theskin thickness� s, assumedto beconstantover thewholeface,andtheminimum
andmaximummusclelayer thickness� m

min and� m
max aregivenasadditionalinput pa-

rametersto theoptimizationstep.Theseparametersdependontheindividualanatomy
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of the modelandhave to be adjustedby the user. For the referenceheadmodel,for
instance,thevalues� s = 2 mm, � m

min = 2 mm,� m
max = 6 mmhave beenchosen.

In the optimizationstep, the muscleis built to �t underneaththe skin surface,
within a prescribeddistancerange. The processis alsoguidedby the resolutionof
the skin mesh: too highly re�ned musclesjust addto the computationalloadduring
animationwithoutenhancinganimationquality, while musclesthataretoocoarsemay
not be following the surfaceclosely enoughto result in realistic deformations. A
muscleis createdfrom its grid by a four-stepprocedure:

1. Grid initialization: The initial outline is convertedinto a regular grid, i.e., all
rows are assignedthe samenumberof grid points. The grid points are then
projectedontothefacemeshandplacedslightly underneaththeskinsurface.

2. Grid re�nement: Thegrid is adaptively re�ned until a satisfactoryapproxima-
tion is found.

3. Musclecreation: Muscle�bers arecreatedandalignedto there�ned grid.

4. Muscleattachment: Themuscleis attachedto thespringmesh,andthecontrol
pointsof themusclesegmentsareattachedto eithertheskull or thejaw.

Thesestepsaredetailedin thefollowing Sections7.4.2to 7.4.5.

7.4.2 Grid Initialization

To obtaina regular grid, �rst the maximumnumberNmax of grid pointsper row is
determined.Then,additionalgrid pointsareinsertedby linearinterpolationinto every
row thatcontainslessthanNmax points. This is followedby estimationof normalsat
thegrid points.For thevarietyof possiblegrid layouts,I obtainedbestresultsby �rst
computingthe normalof the balancingplanethroughthe four cornerpointsof each
grid cell andthenaveragingthenormalsof all adjacentcellsat eachgrid point.

Having computedthegrid point normals,thetrianglesof thefacemeshthatinter-
sect the projectionof the grid onto the skin surfaceare found and cachedfor fast
lookup during the iterative re�nement procedure. The initial grid points are now
displacedalong their normaldirectionto lie below the skin in an initial distanceof
� s + (� m

min + � m
max)=4, i.e., at the centerof a muscleof averagethicknessrunning

throughthecell.

7.4.3 Grid Re�nement

The �tting algorithmproceedsby samplingthe distancesfrom eachcell to the skin
surface.Eachcell is examinedandsubdividedif necessary. Thegrid pointsarethen
againdisplacedto lie within theprescribeddistancerangebelow thesurface.Simul-
taneously, thecell thicknessis adjustedwithin thebounds� m

min and� m
max. This process

is repeateduntil no moresubdivisionsarenecessaryor thecellsbecometo small for
furtherre�nement.Themainloopof this iterationis organizedasfollows:
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repeat
for each grid cell c

( dmin , dmax, pnear , p far ) =
minMaxDistance sToMesh ( c);

( enear , efar ) =
minMaxError( dmin , dmax, � s, � m

min , � m
max);

if ( enear == 0 and efar == 0)
c.thickness = 2( dmin - � s)

else if ( efar > enear )
trySubdivisi onAt Poi nt( c, p far );

else
trySubdivisi onAt Poi nt( c, pnear );

moveNewGridP oin ts() ;
until no more changes to grid.

TheprocedureminMaxDistan cesT oMesh() returnsthetwo pointspnear,p far

thatareprojectionsof meshpointsnearestto andfarthestaway from thecell. To �nd
thesepoints,the grid cell is adaptively subsampled,anda ray from eachsamplepo-
sition is shotin thedirectionof theassociatedgrid normalvector, which is bilinearly
interpolatedfrom the cell corners. The basepointsof the rayswith the nearestand
farthestintersectionpointswith thecachedsurfaceareaarereturnedaspnear andp far

alongwith their signeddistancevaluesdmin anddmax. Both pointscanbe positioned
below (positive distancevalue)or above the skin surface(negative value), seeFig-
ure7.13.Thesamplingdensityover thegrid cell adjuststo thesizeof thecell andthe
numberof cachedtrianglesto ensureaminimumnumberof samplespertriangle.

In procedureminMaxError() , two distanceerrorvaluesenearandefar arecom-

G

M

p far

dmax > 0

p near

dmin < 0

G0

M

Figure7.13:Re�nementstepfor a singlegrid cell (simpli�ed two-dimensionalview).
Top: Pointsof grid G havebeenplacedbelow theskinmeshM alongtheirassociated
normals.Theclosestpoint of thegrid cell lies above, thefarthestpoint lies below the
skin mesh.Bottom: G hasbeensubdividedat thepoint of largererrorpnear (seealso
Figure7.14).
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�
� m

max

g� s

g� m
min

p far (efar = 0)

pnear (enear > 0)

Figure7.14: Therangeof thicknessfor muscleshapes.Below theskin layerof con-
stantthickness� s musclescanbe insertedwith a thicknessin the range[� m

min; � m
max].

Error valuesfor two exemplarypointsareshown: pnear is outsidethe allowedrange
for musclesegmentsandshouldbemoveddownwards(enear > 0). p far is within range
andneednot bemoved(efar = 0).

putedfor the points pnear andp far, respectively. The valuesrepresentthe unsigned
distancesthatpnearandp far wouldhave to bepushedalongtheir grid normalto move
theminto theallowedrangeof distances[� s + � m

min; � s + � m
max] below theskinsurface

(seeFigure7.14). A zerovaluemeansthat the point is alreadyin this range.Subdi-
vision of a cell is performedwhenenear or efar have non-zerovalues,i.e., a point of
the cell is too closeto or too far away from the skin. Also, if jdmax � dminj > � m

min,
the distancefrom thecell to the skin variesso widely over thecell areathat thereis
enoughverticalspacefor insertionof a thin musclepatch.In thiscase,(enear; efar) are
setto (jdminj; jdmaxj), causingasubdivisionof thecell in thenext step.

The proceduretrySubdivision AtPo int( ) is calledwith the sampleposi-
tion correspondingto thepointwith thelargererror. A new row and/orcolumnthrough
thatpositionis insertedinto thegrid. Beforesubdividingacell alongoneof its dimen-
sions, I comparethe sizesof the resultingsub-cellswith the averageextent of the
cachedtrianglesin thatdirection.If thesub-cellon onesideof thedivision line would
becometoo small, the insertionpoint is adjustedto makeit bigger, thusreducingthe
sizeof the othersub-cell. If the cell is alreadytoo small to allow for adjustment,no
furthersubdivisionalongthis directionis performed.Thesecriteriaeffectively ensure
that no very small cells arecreatedthat arenot sampleddenselyenoughfor making
distancemeasurements.

Finally, in moveNewGridPoin ts( ) thegrid pointsinsertedby subdivisionare
projectedonto thesurfacemeshandpositionedat a distanceof � s + (� m

min + � m
max)=2

underneaththeskin.

7.4.4 Musc le Creation

After a grid hasbeenre�ned suf�ciently , a sheetof muscle�bers is built. Onemus-
cle �ber is insertedlongitudinally into eachstripeof grid cells, creatingonemuscle
segmentpercell. Thesizeof eachsegmentshapeis scaledto �ll thesurroundingcell.
Whenellipsoidsareused,their width andlengthis slightly enlargedto provide some
overlapacrosscell boundaries.Figure7.15showsthecreationof asheetmusclefrom
a simplegrid with ellipsoidsegmentgeometries.
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Figure7.15: Sideandtop view of a coarse(black) andre�ned (green)grid andthe
musclecreatedfrom it.

7.4.5 Attaching Musc les to the Skull

To �nd out if amusclecontrolpointshouldmovealongwith thejaw (seeSection7.3),
raysaresentfromthegridpointsoutwards,alongtheirnormals,throughtheskinmesh.
Theattachmentof theclosestskin vertex in thehit triangleis examined.If themajor-
ity of points in a grid row is closestto jaw-attachedskin vertices,the corresponding
muscleattachmentswill alsobe attachedto the jaw. Not all regionsof the facehave
bonesunderneath,for instance,thelips andthecheeks.Skin verticesin theseregions
arethusnot attachedto thebonestructure.To decideaboutthemuscleattachmentin
thesecases,thetopologicalneighborhoodof theskinmeshis iteratively grown around
the intersectionpoint until a bone-attachedskin nodeis found. Using this technique,
theupperpartof theorbicularisoris is properlyassignedto theimmovableskull, while
thelowerpartis attachedto thejaw.

7.4.6 Attaching Musc les to the Skin

Muscleshave to be connectedto the springmesh,so that contractionwill in�uence
nearbyskinvertices.Theverticeswithin a speci�edradiusof in�uence from themus-
cle �bers areconsideredascandidatesfor muscleattachment:for eachof theseskin
nodes,theclosestpointon thesurfaceof themusclesheetis computed,andaspringis
inserted,connectingtheskin nodewith thatpoint. An additionalspringis createdby
mirroring theattachmentpoint at theskinnode.

Therearespecialcaseswherethedistance-basedcomputationof attachmentpoints
is not suf�cient. For instance,whenthefacemeshhasa closedmouth,verticesalong
thecut separatingtheupperandlower lip will have almost—ifnot exactly—thesame
coordinates.Theseverticesmay thus be attachedto the musclesaroundthe upper
andlower lips in a nondeterministicway. This will likely causetheupperlip to move
alongwith thelowerorbicularisorisandviceversa.To solvethisproblem,thedistance
valueof eachskinnodeis weightedwith thedotproductns�nd, wherens is thesurface
normalat theskin vertex, andnd is thenormalizedvectorpointingfrom thepotential
attachmentpoint to thatvertex. Therebymusclesegmentsthatlie directlybelow askin
vertex arefavored.
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Figure7.16:Visualinformationwhile interactively editinga muscle.Themusclegrid
of the currentlyeditedmuscle(yellow); the skin verticesin�uenced by this muscle
(greendots);musclecontrol pointsattachedto the jaw (white dots);mergedmuscle
segments(connectedby greenlines).

7.5 Interactive Musc le Editing

Beforea musclecanbebuilt from anoutlineon the facemesh,this outlinehasto be
created�rst. For editing musclegrids andcontrolling the resultingmusclelayout, I
have developedan interactive muscleeditor, depictedin Figure7.16. The essential
featuresof themuscleeditorare:

Load facemesh: The�rst stepis loadinga trianglemeshinto theeditor.

Add linear muscle: A muscleis laid out by specifyingat leastfour grid points,start-
ing from the �x ed end (attachedto bone),and continuing row by row. The
musclegrid is re�ned automaticallyto �t the geometryand the muscleis in-
serted,alsoconnectingit to otherexisting musclesit intersects.Themuscleis
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 endof the muscle. In addition to the control points, the centralaxis for
contractionneedsto bespeci�ed. Theinitial centerpointof theaxisis foundby
simplyclicking on a point on themeshnearthedesiredcontractioncenter. The
normalto theaverageplanethroughthemusclecontrolpointsis usedastheaxis
direction.Thegeneratedaxisendpointscanbere-editedfor preciseplacement.

Deletemuscle: A musclecanbe removed completely. This requiresrecomputation
of thespringmeshattachmentsandtheinter-muscleconnections.
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Edit control points: Thecontrolpointsof a muscleandtheendpointsof thecentral
axisof a sphinctercanbemovedaroundarbitrarily for corrections.

Namemuscle: For identi�cation by thesystem,eachmuscleneedsto have a unique
name.

Flip muscle: This reversesmuscledirection, in case�x ed andfree endshave been
confusedby theuserduringmusclecreation.

Mirr or muscle: Themusclegrid is mirroredaboutthex = 0 plane,anda new mus-
cle is created.This is a convenientshortcutfor musclecreation,exploiting the
symmetryof mostheadmodels.Thisway, only onehalf of themusclesetneeds
to bespeci�ed.

Re�ne grid: Thecontrolgrid canbere�ned alongits rowsand/ or columnsto create
morecontrolpoints. This givesmorefreedomover thegrid layoutwithout the
needto recreatethewholemusclefrom scratch.

Save / load muscles: Whenstoringthemusclelayout into a �le, thecoarsegrid lay-
out is storedtogetherwith the skin vertex indicesthat attachto eachmuscle.
Keepingthevertex informationspeedsup andstabilizestherestorationof skin
connections:it is madesurethata barelyattachedvertex doesnot loseits con-
nectionto a muscledueto limitations of numericalmachineprecision,for in-
stance,whenloadingthefaceon anothercomputer.

Thespeedof themuscleconstructionandinsertionalgorithmsisessentialfor inter-
activework: whenmuscleshapesandconnectionschangedueto aneditingoperation,
theresultis immediatelyshown in theeditor. In additionto amuscle'sshape,informa-
tion aboutthein�uencedmeshvertices,connectionsto othermuscles,andattachment
of musclesto skull or jaw aredisplayed,asshown in Figure7.16.

7.6 Example: A Set of Human Facial Musc les

Usingthemusclemodelandeditingmethodsdescribedin thischapter, I have created
a set of the 24 major musclesin the humanface responsiblefor facial expressions.
The layout wascreatedon the referenceheadgeometry. Figure7.17 illustratesthe
completeset.Table7.1givesdetailsaboutthemusclerepresentation.

Theconstructionof mostof thesemusclesis straightforward,themajorexception
beingtheorbicularisoris. Thismuscleis extremely�e xible andneedsto supportmany
differentmouthshapesfor speecharticulation.As canbeseenin Figure7.7, it is thus
modeledas two partsrepresentingthe upperandlower lip, respectively. The lower
lip part is attachedto the jaw, rotating with it when the mouthopens. Both halves
have their own axisof contraction,thereforeallowing for independentcontractionand
protrusionsettings.

Themylohyoideusmuscleis specialin that it wasinsertedonly to give themodel
structuralsupportin theareaunderneaththechin. Sincethereis no bonein this area,
theskin would beonly loosely�apping whenthemouthis opened.It wasnot neces-
sary, though,to build a completeplatysmafor thispurpose.
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Figure7.17: The muscleseton the referenceheadmodel,front andsideviews. The
annotatednumberscorrespondto Table7.1.

To getanestimateof theperformanceof themuscledeformationalgorithmsin the
facialanimationsystem,I have takenmeasurementsfrom ananimationthatmadeuse
of all muscles,playing backat 50 fps on a 1.7 GHz Xeon CPU. The animationran
for a total of 5489 frames,causing18573muscledeformations.Figure7.21 shows
the different partsof the muscleupdateprocessin relation to the total frame time.
As canbe seen,the muscleupdateconsumesonly about17% of the total available
computationtimeat thisupdaterate.

7.7 Discussion

Themusclemodelpresentedin thischapterextendscurrentapproaches,mostnotably
LEE's piecewiselinearmodel.Themajoradvanceslie in themoreelaborateand�e x-
ible musclegeometry, the possibility to connectmusclesto eachother, and the in-
creased�e xibility in sphinctermusclecontraction. All of theseadditional features
have animpactontothevisualappearanceof thefacemodel.

The geometryof the musclesdeterminesthe attachmentsto the skin layer, and
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Linear muscles

index name description att. conn. #p #f #s

1,2 corrugator
supercilii

causeswrinkling of
eyebrows

s 17;21
18;22

6 3 5

3,4 zygomaticus
major

lifts mouthangles s 8 4 2 9

5,6 risorius pullsmouthangles
horizontally

s 8 4 2 12

12,13 levatorlabii lifts lateralpartof upper
lip

s 8 5 5 10

17,18 occipitofrontalis
(inner)

lifts innerpartof
eyebrows

s 1;21
2;22

6 5 8

19,20 occipitofrontalis
(outer)

lifts outerpartof
eyebrows

s 21
22

6 5 8

14 mylohyoideus structuralsupportfor
chin

j – 4 7 6

15,16 quadratuslabii pullsdown lower lip j 7 6 4 8
9 mentalis pullschinupwards j – 5 3 7
10,11 triangularis pullsmouthangles

downwards
j 6 2 8

Sphincter muscles

index name description att. conn. #p #f #s

21,22 orbicularisoculi
parsorbitalis

pullsdown eyebrows s 1;17;19
2;18;20

14 2 10

23,24 orbicularisoculi
parspalpebralis

lifts lowereyelids s 18 2 7

8 orbicularisoris
(upperlip)

closesmouth,speech
articulation

s 3;5;7;12
4;6;13

55 4 11

7 orbicularisoris
(lower lip)

closesmouth,speech
articulation

j 8;10;15
11;16

21 2 7

Table7.1: Detailsof themusclerepresentationin theexamplesetshownin Figure7.17.
Theindex columnrefersto that�gure. Therightmost� vecolumnsare:

att.: muscleattachment;j for jaw, or s for skull

conn.: connections;indicesof mergedmuscle(s)on left / right facehalves

#p: numberof pointson controlgrids(excludingaxispointsfor sphincters)

#f: thenumberof muscle�bers afterconstructionfrom theinitial grid

#s: theresultingnumberof controlpointsper�ber afterconstruction
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Figure7.18:Bulgingcheekduringasmile

in�uencesskin deformationwhenthemuscleis contractedor stretched.Thebulging
heuristicsusedin thecurrentimplementationarevery simple,but effective. It would
be interestingto investigateotherheuristics,for instance,preservingmusclevolume
[SPCM97, WV97]. I have experimentedwith usingmusclebulging to simulatethe
effect of fat cushionsin the face,for instance,on the cheeks:during a smile, there
is a considerablebuildup of tissuedueto the contractionof the zygomaticusmajor.
Thiscanbereproducedpartiallywith bulging,asillustratedin Figure7.18.Still, while
theskin clearlybulgesout whenthemuscleis contracted,this effect shouldbemuch
stronger. To this end,it would be necessaryto representthe fat padsunderneaththe
skinin thatareaeitherimplicitly throughanotherheuristicsbuilt into themusclemodel
or asindependentdeformablecomponents.

Themuscleconnectionconstraintshave shown to beimportantfor animationper-
tainingto themouth.Figure7.19demonstrateshow theupperlip partof theorbicularis
oris is raisedwhenthezygomaticusmajormusclesraisethecornersof thelip to form a

Figure7.19:Connectedmusclesin�uencing eachotherduringasmile.Theorbicularis
oris is pulled up by thezygomaticusmajor muscles,causingthemusclesattachedto
themouthanglesto stretch.



80 CHAPTER 7. FACIAL MUSCLE MODEL

Figure7.20:Visemesrely heavily on the�e xibility of theorbicularisoris model.Left
to right: /f/, /i/, /u/. Notehow upperandlower lip move independentlyandareableto
notonly contract,but alsoprotrudeor retract.

smile.As themouthopens,themouthanglesarerestrainedby theconnectedupperlip
parts,leadingto elongationandstraighteningof thetriangularismuscles.This results
in a realisticindentationeffect on bothsidesof thechin.

The two-part constructionof the orbicularisoris muscleis essentialfor proper
modelingof visemes,making speechanimationmuch more realistic. Figure 7.20
showsa few examplesfor visemes.

Updatingthewholemusclecon�guration is fastenoughfor a real-timeanimation
system. While the computationtime per frame is not negligible, asshown in Fig-
ure7.21,it posesnobottleneck.Thedominantpartis thedynamicsimulationusedfor
maintainingmuscleconnectivity, which I nonethelessfound indispensableto achieve
plausibleinter-muscledeformations.

Dueto theautomaticgenerationof musclegeometryfrom coarselayouts,a mus-
cle canbe automaticallyrebuilt from the grid for many differentheadmodels. This
notonly simpli�es interactivemuscleconstruction,but alsomakesit easyto adaptthe

Figure7.21: Timings for muscleupdates.The valuesaregiven in ms, with a total
frametime of 20 ms.
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musclelayerto adeformedversionof thereferencehead,asdescribedin Chapter8. In
general,thesimple�tting algorithmproposedheredeliversgoodresults.Thecontrol
pointsin the originally speci�ed grids aredeliberatelynot changedby the algorithm
to maintaina certainlevel of usercontrol. This is mostly importantfor building the
constraintgroups,whichconnectnearbycontrolpointsof muscles.Dueto this restric-
tion on controlpoint placement,thelevel of re�nementof theresultingmuscleshape
is sometimesquitehigh,especiallyin non-uniform,highly curvedregionsof thefacial
meshsuchasthemouthangles.Therecursivesubdivisionis stoppedwhenthere�ned
segmentsbecometoo small, which canleadto leaving the allowedskin-muscledis-
tancerange.Also, there�nementmethoddoesn't considertheactualsegmentshape,
whichbecomesmoreapparentwith theuseof ellipsoidalshapesthanwith boxshapes:
a curvedregion of themeshcouldbeapproximatedwith a singleellipsoid, insteadof
subdividing themuscleinto many smallsegments.

Theinteractivemuscleeditingtool hasbeentestedonhumanandnon-humanhead
modelsobtainedfrom rangescans(seealsoFigure10.1in Chapter10). A humanface
musclesethasbeendesignedwith the editor on the referenceheadmodelbasedon
anatomicalillustrationsof the facial musculature.Experimentationwasnecessaryto
�nd outwhichmusclesareessentialto achievefull-rangeexpressivenessof theface.A
fair amountof �ne tuninghadto beperformedto getsatisfactorymuscleconnections
andin�uence on meshverticeswithout undesirableartifacts. For instance,attaching
musclesto the verticesof a coarsetrianglemeshcanbe a delicatetask,becausethe
attachmentis basedonastrictdistancethresholdto themusclesurface.Editingamus-
clecaneasilyleadto smallchangesof themusclesurfacethatchangetheattachments
unintentionally. Even a single vertex that hasnot beenproperly attachedcan have
drasticeffectson the animation. The visual feedbackgiven in the editor hasshown
to bevery importantandhelpful here.Updatingthemuscleshapesafterchangingthe
layout typically takesonly a fractionof a second,thusallowing interactive re-editing
of themusclelayout with immediatefeedbackon the resultingmuscleshapeandat-
tachments.In summary, the editor simpli�es the processof creatinga setof facial
muscles,andgivesgreat�e xibility to modeldifferentanatomicalpatterns.Dueto the
complexity of the resultingmusclenetwork,the �nal tweaksstill requirea consider-
ableamountof time. It is thushighly desirableto have a musclelayoutautomatically
transferredto new models,which is shown in Chapter8.





C H A P T E R 8

Making New Faces

Godhathgivenyouoneface,andyoumakeyourselvesanother.
– William Shakespeare

In theprecedingchaptersI havedescribedthestructureof thevirtual headmodeland
how it is animated.During constructionof the model,a variety of interactive tools
areemployed,both commercialandself-written. From the preparationof the head
geometryto thelayoutof themusclesasizableamountof interactivework is required.
For asystemthatstrivesto beusefulin practice,thisworkloadmustbereduced.Since
humanheadmodelssharethebasicgeometriccharacteristicsandanatomicalstructure,
it is in fact possibleto derive new modelsfrom oneprototypein a largely automated
fashion.

In this chapter, I proposetechniquesthatachieve this goal by deformationof all
partsof an existing structuredheadmodel,adaptingit to individual target geometry.
Thedeformationis speci�edby a smallnumberof landmarks(featurepoints)de�ned
ontheskinandskull layersof themodel.By changingthelocationof thefeaturesand
the relationsbetweenthem,the geometryof skin, muscles,andskull canbe �e xibly
edited.Theapproachis not restrictedto humanheads,but easilycarriesover to other
virtual creatures,suchasreal or fantasyanimals,aslong asthey canbe modeledby
anatomicalmeanswith askull, muscles,andskin. Thestructuredmodelsfor thevari-
ety of humanfacesappearingin thisdissertationwerecreatedusingthesetechniques.

Thevariability in theshapesof thehumanheadandfaceis traditionallystudiedin
the�eld of anthropometry. Theliteratureis rich with insightsaboutthedifferencesin
facial proportionsamongandbetweenvarioushumanpopulations.Extensivestatisti-
caldatathathasbeencollectedover thecourseof decadesis put to usein themethods
presentedin thischapter.

In the following section,I give a review of existing work on adaptationof virtual
headmodels,beforemoving ontoabrief introductionto anthropometryandtherelated
�eld of morphometrics.Thestructuralheaddeformationtechniqueitself is presented
in Section8.3. The usefulnessof themethodis illustratedthereafterby a numberof
applicationsin Sections8.4to 8.6,wheretheanthropometricknowledgebuilt into the
techniqueis put to use.Theseapplicationsare:

Creationof virtual headsfrom real faces: Thereferenceheadmodelis deformedto
matchgeometryobtained,for instance,from arangescanner. Extensiveprepara-
tion of thescannedgeometryfor animationpurposesthusbecomesunnecessary.
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Growth simulation: By rede�ning the relationsbetweenlandmarkson the skin ac-
cording to age-relatedstatistics,facial proportionsof a virtual headcan be
changed,resultingin a plausiblemodelof thesamepersonat adifferentage.

Facereconstruction: Thestructuraldeformationis usuallydrivenby thetargetskin
geometry. If insteadthe target is a skull model,muscleandskin layerscanbe
createdon topusingstatisticaldata,resultingin ananimatableface.

A discussionof theoverall approachconcludesthischapter.

8.1 Related Work on Head Deformation

Many facial modelingandanimationsystemsmakeuseof a genericheadmodel(see
also Chapter3), which is often associatedwith a deformationmethodsuitedto the
respective application. The approachesdiscussedover the next paragraphscan be
dividedroughlyinto surface-basedandvolume-baseddeformations.

8.1.1 Surface-Based Deformation

Theadaptationof a headmodelto scandatais performedin two dimensionsby WA-
TERS etal. [WT91] andLEE etal. [LTW95]. Theverticesof aplanarprojectionof the
genericheadmesharemovedin theplane,aligningthemto facialfeaturesandincreas-
ing thedensityof themeshin themorearticulatefaceareas.This methodis designed
speci�cally for matchinga genericmeshto geometrythat is parameterizedover the
plane,asis thecasefor cylindrical rangescans.Facialmuscleattachmentsarestored
relative to thegenericmeshandcanthusbeadaptedautomatically, asLEE pointsout.
A planarversionof the genericmeshhasto be generatedfrom 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-splinesurfacein three-dimensionalspace.
Variationsof a genericheadmodeltaggedwith landmarksaregeneratedby altering
several linearandnon-linearconstraintsthatareformulatedin termsof surfaceprop-
erties,for instance,landmarkdistancesor tangentdirections.Most of theconstraints
arenot directly applicableto polygonalgeometry. Themethoddoesnot includeany
structureinsidetheheadmodel,thoughtheauthorshave proposedthis for futureex-
tensionsof themethod.Most notably, thetechniquedemonstratesthepracticaluseof
anthropometricdatafor creatingnew headmodelswith realisticproportions.

8.1.2 Volume-Based Deformation

For transformationof a three-dimensionalstructurein space,it seemsmoreappropri-
ateto de�ne a deformationof a volumeratherthana surface.In SEDERBERG's and
PERRY's free form deformation(FFD) approach,a control lattice is usedto de�ne a
mappingfrom undistortedto distortedspace[SP86]. Many variationsof the origi-
nal formulationexist, in particularto hide thecontrol lattice from the user[HHK92,
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LWCS96]. In facemodeling,ESCHER etal. [EPMT98] useDirichlet freeform defor-
mation(DFFD [MMT97]) for generationof customheadsfrom a genericpolygonal
modelby de�ning new positionsfor facial featurepoints.

Volumemorphingusingradialbasisfunctions(RBF) is anotherpopulardeforma-
tion methodthathasbeenusedfor facialmodeling.PIGHIN etal. [PHL+ 98] deforma
genericmeshsurfaceaccordingto featurepointsde�ned onthemeshandcorrespond-
ing target points derived from a numberof photographs.For an accuratematchto
the pictures,the speci�cationof morethana hundredfeaturepointsis consideredto
be necessary. NOH et al. [NN01] adaptonefacemeshto anotherfacemeshfor the
purposeof transferringanimations.They notethatthematchcomputedwith theradial
basisfunctionmethodis not asaccurateasdesirablewhenthesetof featurepointsis
sparse.Theproblemis solvedin theirmethodby cylindrically projectingthedeformed
meshontothetargetafterperformingtheinitial RBF �tting.

Deformationof a genericmodel including muscleshas beendemonstratedby
AOKI et al. [AHTN01]. Adaptationto a target headmodel is performedby �tting
the genericmodel in separatestagesby width, height,anddepth,usingsimplegeo-
metrictransformations.ThemethodusesX-ray imagesto capturefront andsideviews
of theheadstructure,relyingonaccuratealignmentof theheadwhentheseimagesare
taken.Musclesarerepresentedby line segments,connectingtheskinandskull layers.
Neitherthemusclemodel,nor their handlingin thedeformationof thegenericmodel
is discussedin detail.

8.1.3 Summary

To concludethis smallsurvey, existing headmodeldeformationmethodsdealmostly
with skin geometry, not with underlyingstructure.The few approachesthat include
anatomicalstructuredo not show the�e xibility neededto handle,for instance,varia-
tionsin muscleor skin thickness.Still, it canbeseenthatvolumemorphingis appro-
priatefor handlinga structuredmodelsincethedeformationfunctioncanbe applied
to the whole headvolume. Nearly all discussedmethodsrely on the useof feature
points, which are speci�ed either manually[DMS98, PHL+ 98, EPMT98] or using
simpleheuristics[NN01]. Themaintradeoff lies in thesparsenessof thefeaturepoint
setversusprecisionof local deformation:a convenientlyparsimonioussetof feature
pointsdoesnot allow detailchangesin thedeformedgeometry.

Remarkably, thefeaturepointsusedin computergraphicsheadmodelingsystems
correspondconceptuallyto thelandmarksusedin anthropometryfor obtainingphysi-
calfacialmeasurements.Thus,adeformationtechniquebasedonappropriatelychosen
featurepointssuggestsitself sincethisallowsthedirectuseof anthropometricdata.In
thefollowing, the�eld of anthropometryin generalandtheuseof facial landmarksin
particularis introduced.

8.2 Measurements & Statistics: Face Anthr opometr y

Anthropometryis a branchof medicalresearchthatdealswith measuringandanalyz-
ing absolutequantitiesandproportionsof thehumanbody, including the head.Face
anthropometryhasapplicationsin clinical practiceaswell asin other�elds.
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Clinical diagnostics: Thedatacollectedfrom a populationof individualscanbean-
alyzedto extract a norm for facial features.Comparisonwith patientdatacan
helpto indicatetheexistenceof deformities,possiblyleadingto discoveryof an
illness.

Operation planning: If sizeandshapeof adeformityarequanti�able,onecanmake
moreexact statementsaboutnecessarycorrections.Dataaboutgrowth-related
changesin thefacehelpsto predicttheeffect of anoperationoverseveralyears.
For cosmeticsurgery, somestudiesexaminetheaestheticsandattractivenessof
humanfaces,attemptingto �nd generallyapplicablemeasurementsandpropor-
tions.Questionableasthismaysometimesseem,anthropometricmeasurements
still allow for a commonlanguagefor exactdescriptionof facial shapeandpro-
portions.

Forensics: An importantareaof work for theforensicpathologistis theidenti�cation
of a crime victim from his remains,often merelya skeleton. Examinationof
anthropometricmeasurementson the skull helps to �nd out more aboutage,
sex, andethnicorigin of a person. If a photographis available,a comparison
cancon�rm or rejecta hypothesisof the victim's identity. Reconstructionof
completefacesfrom a skull is alsomadepossiblethroughknowledgeaboutthe
relationof skin andskull. Policeforcesusearti�cial agingof missingchildren
to increasethe chancesof �nding themafter years: statisticalchangesdue to
growth areappliedto a pictureof the child, approximatinghis or her current
look.

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

Traditionally, facial measurementsaretakenby a medicaldoctorusinganassort-
mentof measuringdevicessuchas rulers, tapes,andgoniometers.Somemeasure-
mentsareof a ratherqualitative nature,i.e., hardto de�ne in numbers,suchas“the
shapeof the faceis concave”. Thesejudgmentsdependto a large degreeon the ex-
perienceof theexaminer. For precisemeasurements,a standardizedsetof landmarks
is de�ned on the head. Landmarksareprominentfeaturepointssuchas“the tip of
thenose”,whichcanbefoundby visualexaminationor palpation.Thesubject'shead
is typically alignedto a standardposition,theFrankforthorizontal, oftenalsotermed
FH position. With this alignment,themostimportanttypesof measurementsaredis-
tancesin the vertical, horizontal,and depthdimensions,as well as anglesbetween
threelandmarks. Figure 8.1 shows a standardset of landmarkson the face, and a
typicalmeasurementof theheadsize.

8.2.1 Morphometrics

A branchof statisticsstudyingstatisticalmeasurementsof biologicalshapeshasonly
recentlybecomea discipline in its own right, namelymorphometrics. Building on
multivariatestatistics,the in�uential work of BOOKSTEIN [Boo97a,Boo97b] com-
binesgeometry, biology, andstatisticsto a landmark-basedapproachfor analysisof
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Figure 8.1: From left to right: landmarkson a humanface, front and side views;
physicalmeasurementof theanteriorheightof thehead.Images:[Far94]

shapesandshapedeformations.Landmarks,in this context, arepoint sampleson the
surfaceof abiologicalshapeunderexamination.A measureof similarity betweentwo
relatedshapescanbeestablishedby lookingat thetypeanddegreeof deformationthat
mapslandmarksde�ned on oneshapeto their counterpartson theothershape.Such
similarity usuallyindicatesthatsomebiologicalprocesshasmovedthelandmarks,or
deformedtheshape.To describethisdeformationacrossthewholesurfaceor volume,
insteadof only at thesamplepoints,a suitable,“natural” deformationfunctionhasto
be found. BOOKSTEIN proposesthin-platesplinesfor this purpose:thebendingen-
ergy of thesurfaceundergoingdeformationis minimized,whichis deemedaplausible
modelfor biologicalshapechanges.

BOOKSTEIN alreadyforesaw the importanceof computergeneratedanimations
in his work whenhe envisionedhow modi�cations of biological shapescanbe per-
formedandunderstoodin realtime on thescreen.His �ndings motivatethedeforma-
tion methoddescribedhere.

8.3 Landmark-Based Head Deformation

Thethin-platesplinebasedapproachadvocatedby BOOKSTEIN for two-dimensional
datacanbeeasilytranslatedto the three-dimensionalsetting[Boo97b]. This section
givesdetailson thepracticalconstructionof thedeformationfunctionfor asourceand
a target setof landmarks.This mappingspeci�esa sourceobjectspacedeformation
thatis usedto warpthecompleteheadstructureto thetargetcon�guration.

8.3.1 Setting up the Warp Function

The problemcanbe statedasoneof interpolation: let p i 2 R3 andq i 2 R3; i =
1; : : : ; N , betwo setsof N landmarks.Thep i lie on thegeometryto bedeformed(the
sourcelandmarks), andtheq i correspondto thefeaturesonthetargethead(thetarget
landmarks). A functionf : R3 7! R3 is neededthatmapsthep i to theq i :

q i = f (p i ); i = 1; : : : ; N ;
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andwhichis de�nedonthevolumespannedby thelandmarks,sothatthefunctioncan
beusedto deformall elementsof theheadstructure.Suchamappingcanbeexpressed
by a radialbasisfunction,i.e., a weightedlinearcombinationof N basicfunctions� i

de�nedby thesourcelandmarkpointsandanadditionalexplicit af�ne transformation:

f (p) =
NX

i =1

ci � i (p) + Rp + t ; (8.1)

wherep 2 R3 is a point in thevolume,ci 2 R3 are(unknown) weights,R 2 R3� 3

addsrotation,skew, andscaling,andt 2 R3 is a translationcomponent.Following
BOOKSTEIN, I simply use� i (p) := kp � p i k2, which minimizesbendingenergy for
thedeformation[Duc77]. Theadditionalconstraints

NX

i =1

ci = 0 and
NX

i =1

cT
i p i = 0

aregivento removeaf�ne contributionsfromthebasicfunctionterm[PHL+ 98, CBC+ 01].
By settingupasystemof linearequationsrelatingsourceandtargetlandmarks,theun-
knownsR; t , andci canbefoundsimultaneously. Threematricesareconstructed:

B =
�
q1 : : : qN 0 0 0 0

� T 2 R(N +4) � 3;

P =

0

B
@

� 1(p1) : : : � N (p1)
...

. ..
...

� 1(pN ) : : : � N (pN )

1

C
A 2 RN � N ;

Q =

0

B
@

pT
1 1
...

...
pT

N 1

1

C
A 2 RN � 4:

Now a linearequationsystemof theform AX = B is setup with

A =
�

P Q
QT 0

�
2 R(N +4) � (N +4) ;

X =
�
c1 : : : cN R t

� T
2 R(N +4) � 3:

This linearsystemis solvedusingastandardLU decompositionwith pivoting. A point
p 2 R3 cannow betransformedaccordingto 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,I apply this function in differentwaysto the individual componentsof
thesourcemodel.

1. Theskinmeshis deformedby directapplicationof the function to thevertices
of themesh(Figure8.2(a)).
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(a) (b) (c)

Figure8.2: Mappingtheheadstructureto targetgeometry. a) Warpingtheskinmesh:
sourceskin landmarksaremappeddirectly to targetskin landmarks.b) Warpingthe
skull mesh:aftermappingthe skin (step1), new skin / skull offsetvectorsarecom-
puted(step2); thevectorendpointsde�ne sourceandtargetskull landmarkpositions,
usedto set up a mappingfor the skull geometry(step3). c) Musclewarping: the
skin deformationis appliedto the musclegrids and the musclegeometryis rebuilt
afterwards.

2. Thelandmarkson theskullmesharerelatedto their counterpartson theskin by
an offset vectorfrom eachskull landmarkto the correspondingskin landmark
(Figure5.1(d)).Thedeformationfunctionfor theskull is obtainedby displacing
the target skin landmarksalongthe negatedoffset vectors,resultingin the de-
sirednew skull landmarkpositions.Thewarp from thecurrentskull landmark
positionsto thesenew positionsis thenappliedto theverticesof theskull mesh
(Figure8.2(b)). In this approach,adjustmentsof local skin thicknessamountto
asimplechangeof scalefor theoffsetvectors.

3. Musclesarespeci�ed by their grid, paintedonto theskin. To transferthemus-
clesto the new geometry, I apply the deformationfunction to thegrid vertices
andre-computetheshape,asdescribedin Section7.4 (Figure8.2(c)). This re-
build processalsoadds�e xibility to adaptthemusclegeometry, for instance,to
changesin skin thickness.

4. For theotherfacial componentseyes,teeth,andtongue,only positionandscale
canbe updatedautomatically, dueto their representationasrigid piecesof ge-
ometry. Some�ne tuningis thusnecessaryto �t themexactly into thedeformed
model. In principle, if thecomponentsarealsorepresentedasmeshes,thede-
formationcanbeappliedto theirvertices,makingthismanualstepunnecessary.

8.4 Application 1: Head Models from Range Scans

A primarytaskin facialmodelingis thereproductionof headsof realindividuals.One
way to acquirethegeometryof a person's headis to usea rangescanningdevice. In
practice,though,it turnsoutthatthereareanumberof obstaclesto usingthisgeometry
directly for ananimatablemodel:

� The rangedata is often noisy and incomplete,especiallyfor structuredlight
scanners,duetoprojector/ camerashadowingeffectsor badre�ectiveproperties
of the surface. Hair-coveredregions, for instance,are problematicfor some
scanners.Thisoftenrequiresextensivepost-processingof themesh.
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� Thegeometryis heavily oversampled:directconversionto a trianglemeshreg-
ularly yields hundredsof thousandsof polygons. For real-timephysics-based
animation,the complexity needsto bereducedby severalordersof magnitude
to aboutone to � ve thousandpolygons. Available meshsimpli�cation tech-
niques[CMS98] unfortunatelydon't give enoughcontrol over the meshcon-
nectivity to generatesatisfyinglyanimatablemodels.Edgesmustbealignedto
facial features,andthemeshstructureshouldre�ect thebasicsymmetryof the
face.Also, �at areasin thescannedgeometrycannotblindly besimpli�ed: they
don't necessarilyremain�at in animation,requiringhigherlocal meshresolu-
tion for properdeformation.

� Somerelevantpartscannotbescanned,suchastheinnerpartof thelips.

To avoid theseproblems,agenericheadmodelcanbeadaptedto scannedtargetgeom-
etry. I employthelandmark-baseddeformationapproachto createa fully animatable,
individual model from a referenceheadmodelanda rangescan. No parameteriza-
tion of the scandataor the referenceheadmeshis needed.The methodis thusnot
restrictedto scansfrom cylindrical rangescanners[LTW95], but candirectly process
datafrom arbitrarysources.Concerningthis, thereareno restrictionson thetopology
of the meshes.As a sideeffect of the procedure,the resultingtarget model is also
taggedwith a completesetof anthropometriclandmarks,which canbe directly used
for furtherdeformations,asdemonstratedin Section8.5.

8.4.1 Adaptation Process Overvie w

An individual headmodel is createdfrom rangescansof its real-worldcounterpart.
Themodelsdepictedin this dissertation,for instance,werecreatedwith a structured
light scanner. Using theassociatedsoftwarepackage,a high resolutiontrianglemesh
representingtheskingeometrywasgeneratedfrom eachdataset.No further�x essuch
ashole �lling needto beappliedto thescans.This high resolutionmeshis calledthe
targetgeometryM � in thefollowing,while thereferencehead(includingthestructural
components)is referredto asthesourcegeometryM — thesourcegeometryneedsto
bedeformedtoconformto thetarget.Theprocedureis asfollows(seealsoFigure8.3):

1. M � is taggedwith a setof landmarksL � correspondingto thesetL de�ned on
M . This is aninteractiveprocedure.

2. A deformationis computedbasedon thelandmarkcorrespondences,andM is
warpedaccordingly.

3. L andL � areautomaticallyre�ned to generatemorecorrespondences.

4. The componentsof the referenceheadmodel, i.e., skull andmuscles,arede-
formedto matchM � usingthesamedeformation.

5. Repeatfrom Step2 until convergence.

6. Muscleshapesarerebuilt.

7. Theskull is warpedoncemoreto �nally adjusttheskull / skin relationship,as
describedin Section8.3.2.
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(a) (b) (c)

(d) (e)

Figure8.3: Adaptationof the referencemeshto scandatausingfeaturemeshre�ne-
ment. a) Initial defective target meshM � from rangescanswith landmarksadded;
b) sourcemeshM andmuscleoutlinesafter�rst deformation;c) landmarkson target
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 accuracy determinedby the
currentdensityof thelandmarksetsL andL � . Only in Step7, thegiventargetskull /
skindistanceis enforcedat thesparselocationswherelandmarksonskinandskull are
paired.

Thespeci�cationof thelandmarksL � andthelandmarksetre�nementprocedures
arediscussedin detail in Sections8.4.2and8.4.3.

8.4.2 Specifying Landmarks

Only asparsesetof landmarksneedsto bespeci�edon thetargetgeometryM � . Due
to the automaticre�nement, facefeaturesdo not needto be laboriouslytracedusing
densecorrespondencesor featurelines[PHL+ 98]. Sincethelandmarksaretakenfrom
the standardsetdescribedin the anthropometricliterature,they arewell-de�ned and
easyto identify. To furthereasethe repeatedpoint-and-clicktaskof landmarkplace-
ment, I againmakeuseof the deformationfunction: given threeor morelandmarks
speci�edmanually, a mappingcanalreadybesetup from thesourcesetof landmarks
L to the target setL � . All landmarksarethencopiedandwarpedfrom L usingthis
function, resultingin a roughapproximationof the desiredlandmarkdistribution, as
shown in Figure8.4. Throughmanualinspectionandcorrectionmorelandmarksare
repositionedand�x edin their �nal targetpositions.Theprocesscanbe iterateduntil
all landmarksin L � have assumedtheir intendedpositions. This simplemethodhas
shown to beparticularlyhelpful in caseswherethescandatais lackinga lot of shape
information,sincethe copiedlandmarkswill alreadybe positionedin a meaningful
way in space.

Figure8.4: Interactive speci�cationof landmarks.Left: A few landmarks(cyan)are
speci�edmanually. Right: All otherlandmarks(green)arecopiedfrom thereference
modelusingthewarpsetup by theinitial landmarkset.

8.4.3 Adapting the Generic Mesh

After theinitial deformationbasedontheuser-speci�edlandmarks,M andM � areal-
readyin goodcorrespondence,seeFigure8.3(b).But, sincethelandmarkdistribution
is very sparse,thedetailsin thefacialgeometryof 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 ) // deformationfrom L to L � appliedto M

F  feature mesh(L ) // constructfeaturemeshes
F �  feature mesh(L � ) // usinglandmarkpositions

repeat
(F � ; B)  subdivide (F � ) // subdivideF � , storein B baryc.coords

// of new verticesw.r.t. parenttriangles
(F � ; D)  project (F � ; M � ) // projectfeatureverticesontosurfaceof

// M � andstoredisplacementsin D

L �  add landmarks (F � ; L � ) // moretargetlandmarksfor
// appropriatenew verticesin F �

F  subdiv copy (F ; B; D) // subdivideF usingB andD

(F ; L )  project (F ; M ) // projectfeaturevertices,landmarksontoM

flip edges (F ) // improve featuremeshsmoothness
flip edges (F � )

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

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

The usershouldnot be burdenedwith speci�cationof hundredsof featurepoints,so
I have developedan automaticprocedurethat re�nes the landmarksetsL andL � to
achievea bettermatch.Thealgorithmoutlineis shown in Table8.1.

To beableto re�ne thestandardsetof landmarksautomatically, thelandmarksare
interpretedasthe verticesof a specialtrianglemesh,called the feature meshin the
following. Figure8.5shows thelayoutof this meshfor thegeometryof thereference
head.OnefeaturemeshF is constructedfor M , andanotheroneF � for M � , using
thecurrentlandmarkpositions(sothey arein fact identicalafterthe�rst deformation).
F � is now re�ned by uniform subdivision: onevertex is insertedinto eachtriangle,
splitting it into threenew triangles.This vertex is movedto thesurfaceof M � , where
carehasto be takento �nd a correctsamplingpositionon the surface,especiallyin
areasof poorscanquality. Often,thereis no partof the targetsurfacein thevicinity
of the new vertex. If thereis, a new landmarkis createdat the vertex position,and
addedto L � . For eachsubdividedtriangle,there�nement is encodedasthebarycen-
tric coordinateof the projectionof the new vertex onto the parenttrianglealongthe
trianglenormal.Thesecoordinatesarestoredin a setB, andthecorrespondingscalar
displacementsalongthe normalvectorarestoredin anothersetD. The right half of
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Figure8.5: Left: A featuremeshis constructedby connectingthe landmarkson the
headgeometry, forming a trianglemesh.Right: Flipping edgesaftersubdividing the
meshimprovessurfacesmoothness:new verticeson two neighboringsubdividedtri-
anglesareconnectedby the cyan edgepreviously connectingthe original triangles.
Rededgeshave alsobeen�ipped.

Figure8.6outlinesthesubdivisionandprojectionstepsfor onetriangleof M � .
Now, counterpartsfor thenewly createdlandmarksneedto befoundon M . Since

F andF � have thesamestructure,andthegeometriesarealreadyin goodalignment,
the samere�nement is repeatedon F , using the information from B andD. Each
new vertex in F is now closeto thesourcegeometry, but usuallynot placedexactly
on thesurfacedueto differencesin facial detail. If thereis a landmarkfor this vertex
in L � , the algorithm�nds the nearestintersectionalonga ray startingat the vertex,
correctsits positionandcreatesa landmarkat thatpoint, addingit to L . Theleft half
of Figure8.6showshow thisstepis applied.

After all triangleshavebeenre�ned in thismanner, all edgesin F andF � from the
previousgenerationare�ipped to improve thequality of thefeaturemeshsurfaces,as
illustratedin Figure8.5. Thealgorithmdoesnot rely on thesmoothnessof thefeature
meshes,but if the changein surfacenormalsbetweenadjacenttrianglescanbe kept
smallduringre�nement,thiswill improve thelocal samplingof thesurface.Also, the
trianglenormalsare�ltered onceby averagingwith their neighbors.

Using the two re�ned versionsof L andL � , a new deformationfunction is con-
structed.Applying it to thesourcemodelandto thecorrespondingfeaturemeshresults
in a betterapproximationof the target geometry. The procedureis repeated,quickly
stabilizingthedeformedmeshto a good�t of the target geometry. In practice,after
only threeiterationsof there�nementprocedurethegeometrywill have adaptedopti-
mally. At this level of re�nement,theprecisionof thematchis alreadylimited by the
discretizationof thesourcemesh,which is muchcoarserthanthescandata.

Sincea trianglemeshgenerateddirectly from rangescandatais usedasthe tar-
get geometry, thereareusually large areasof the headgeometrywherethereis no
data,ofteninterspersedwith smallspecksof samples(for instance,at thebackof the
head,seeFigure 8.3(a)). The re�nement algorithm is thus gearedtowards�nding
thesesmall “islandsof data”,while beingvery conservative in acceptinga sampling
site on the geometryasa new landmarkposition. A wrongly placedlandmarkcan
causelargedistortionsin thedeformedgeometry, renderingit unusable,soheuristics
basedon surfacenormalsandlandmark/ surfacedistanceareemployedto �nd and
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Figure8.6: Re�ning correspondingtrianglesin the source(left, light blue) and tar-
get(right, darkblue) featuremeshes.Top: Themeshis typically well-behavedin the
sourcegeometry, andfragmentedin thetarget(orangecurves).Whereverticesof the
targetfeaturemeshprojectontothegeometry, landmarkshavebeenaddedto bothfea-
turemeshes(greendots).Targetandsourcefeaturemeshtrianglesarere�ned equally
(greenedges). Middle: The normaldisplacementof the target meshintersectionis
usedto obtaina startingpoint for �nding an intersectionwith thesourcemesh.Bot-
tom: Sourcegeometryandfeaturemesheshavebeendeformedto matchthelandmarks
to thetarget.

ranktheacceptablesitesor rejectcreationof a landmark.Theray intersectionbefore
repositioninga new vertex in thesourcefeaturemeshis muchlesscritical sinceit is
operatingon thedeformedreferencemesh,which hasperfectlywell-behavedgeome-
try. Here,thealgorithmjusthasto makesurenot to intersectwith backfacingpartsof
thegeometry.

8.4.4 Discussion

Thelandmark-based�tting hasshown to work robustly on raw meshesobtainedfrom
rangescansof a varietyof individuals. Eventhoughautomatedprocessingis always
a desirablegoal, interactioncanbe advantageouswhen landmarkshave to be speci-
�ed: theinitial parsimoniouslandmarksetoftenhasto becreatedon incompletedata,
wherelargepartsof thegeometryaremissing,andcannotbeestimatedautomatically
in a reliableway. It is thusnecessaryto placelandmarks“in emptyspace”,guidedby
anestimateof thelandmarkdistributionasdescribedin Section8.4.2.Simpleheuris-
tics [NN01] rely on well-behavedmeshgeometryandarenot suitablefor mostof the
anthropometricstandardlandmarks.There�nementand�tting stagesof theadaptation
processareawareof missingsurfaceparts,leadingto robustadaptation.Mesh�xing
andhole �lling becomeabdicable,proceduresthat canotherwiseeasily takeseveral
hoursof interactivework.

In practice,specifyingthereferencesetof 60 landmarkstakesonly about10 to 20
minutes,dependingon the quality of the scandata. While thespeci�c setof anthro-
pometriclandmarksis useful for further measurementsanddeformationof the head
model (seenext section),the adaptationto scandatacan in principle be performed
on anarbitrarysetof landmarks.Thecomputationalcostof the landmarkre�nement
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algorithmlargelydependson ray / meshintersectiontestsandpoint / triangledistance
computations.A greatspeed-upcanbeexpectedfrom optimizationof thesetests.In
thecurrentimplementation,theruntimetotalsaround5 minutesfor the�tting process
ona1GHzPCwith a100ktriangletargetmesh.Startingwith givenscannedgeometry,
thewholeprocessof creatingananimatableheadmodelincluding the tuningof eye,
teeth,andtonguepositionstakesapproximately30 minutes,not includinggeneration
of theskin texture.

8.5 Application 2: Growth and Aging

A challengingproblemin facial modelingandanimationis thesimulationof growth
andaging. BesidestheArts, importantapplicationsexist in theforensicsciencesand
in medicine:how doesthechild thatwentmissingtenyearsagolook now? Whatare
the long-termeffectsof a rhinoplasticoperation?Typically, a skilled artist is needed
to infer age-relatedchangesfrom photographs,relying on anthropometricknowledge
anddata[Tay01]. Computer-aidedmethodsarecautiouslybeginning to be usedin
forensicapplications,basedon two-dimensionalimageprocessing[Tay01, Chapter
7][Rus92, All90].

8.5.1 Related Work

In computergraphics,researchonagingin humanfaceshassofar concentratedonthe
appearanceof theskin,for themostpartneglectingtheconsiderablegeometricchanges
thatoccurduringgrowth. WU et al. [WKMMT99, WMTT94] focuson generationof
expressive wrinkles and skin aging effects. Their muscle-driven facemodel incor-
poratesviscoelasticpropertiesof theskin. LEE et al. [LWMT99] reconstructtextured
low polygonfacemodelsfrom photographsof themembersof afamily, simulatingage
changesby blendinggeometryandtexturesbetweenyoungandold family members.
Wrinkle patternsaregeneratedsemi-automaticallyby consideringmuscle�ber orien-
tationandfeaturepointson theface.LANITIS et al. [LTC99] presenta statisticalface
modelto isolateagevariationsin faceimagesfor ageestimationandagingsimulation.
TIDDEMAN etal. [TBP01]usewavelet-basedmethodsto identify salientfeaturessuch
asagewrinkles in prototypefacial images,andapply themto otherimagesto change
theapparentage.

8.5.2 Head Shape Changes during Growth

Drasticchangesin headsizeandfacial proportionsoccurbetweeninfancy andmatu-
rity, wherethemostactively growing region of the headis the face. While TODD et
al. [TLSP80, PW96]havedevisedasimplemathematicalmodelfor thechangesof the
faceup to adulthood,growth patternsarein generalhighly irregularin timeaswell as
in theregionsaffected.Severalstudiesof headgrowth duringchildhood�nd separate
rhythmsfor the developmentin facial height,depth,andwidth, aswell asalternat-
ing phasesof acceleratedandslowed-down growth [FPH92,EN72, Tan62, GSD90].
Therearealsosigni�cant differencesin developmentbetweenmalesandfemales,for
instance,the mandiblebecomesmuchmorepronouncedduring malegrowth. Most
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Figure8.7: Left: different typesof landmarkmeasurements:alignedto the vertical
axis, Euclidean,andarc length; right: tableof age-relatedchangesfor onespeci�c
distancemeasurement.Table: [Far94]

studiesonly consideragesup to maturityat age18. At thispoint,headgrowth is con-
sideredto besettled.Somepublicationsindicateongoingchangesin post-adolescent
years,though:VERCAUTEREN [Ver90] found“statisticallysigni�cant” differencesbe-
tweenagegroupsin a studyof 25–54yearold Belgians,suchasa decreasein head
width. TANNER [Tan88] statesthat cephalicandfacial dimensionsincreasecontinu-
ouslythroughoutthelife span.After age20,only minorchangesin dimensionsof 2 to
4 percentcanbeobserved,though.

Theanalysisof theanatomicaldetailsstudiedin anthropometricresearchis beyond
thescopehere,but it cannonethelessbeassertedthatthegrowth of thehumanheadis
acomplex processthatcannotbeeasilycastinto asimplemodel.Themostinteresting
anddrasticchangesin headshapeoccurduring childhood,andstatisticallyrelevant
materialhasbeencollectedalmostexclusively for thatageperiod. Theremainderof
this sectiondemonstratesthe useof anthropometricdatafor simulatingheadgrowth
during childhoodandadolescence,employingthe landmark-basedheaddeformation
method.

8.5.3 Tabulated Growth Data

For the methodsdescribedhere,I makeuseof tabulatedmeasurementscollectedby
FARKAS [Far94] for asampleof theNorthAmericanpopulation.Thedataconsistsof
distancerelationsfor pairsof landmarkson maleandfemalefacesof the Caucasian
type,spanningtheagesof 1 yearup to 25 years.Oneor moreof threedifferenttypes
of distancemeasurementsaregivenfor eachlandmarkpair:

� distancesalongoneof thehorizontal,vertical,or depthdirections;

� Euclideandistance;

� arclength,traditionallymeasuredusingsoft tapeon theface.

Eachsuchstatisticalmeasurementis givenby its meanvalue� andstandarddeviation
� . Figure8.7 illustratesthedifferenttypesof measurements,andshows sampletable
data.
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Figure8.8: Deriving new measurementsfrom landmarkpairson an individual head
model.Left: malemodelof 31 years.Middle: constraintsystemsolvedfor targetage
of 5 years.Right: transformedheadstructure.

8.5.4 Age Changes on the Vir tual Head Model

Thebasicprocedurefor changingtheageof agivenindividualheadmodelis depicted
in Figure8.8: thesetof landmarkson themodelis usedto obtainmeasurementsthat
canbecomparedto thetabulatedstatisticaldatafor themodeledperson'sageandsex.
Thesemeasurementsarethenupdatedaccordingto auser-speci�edchangein ageby a
constraintresolutionmechanism,resultingin anothersetof landmarkscorresponding
to the target age. The mappingfrom the sourceset of landmarksto the target set
de�nesthedeformationof theheadmodel.Fromtheavailabletextbookdata,39 axis-
aligneddistancemeasurements,25 Euclideandistances,and6 arc lengthsareusedto
de�ne the systemof constraints,usingthe landmarksetshown in Figure8.9. These
measurementsaresummarizedin Table8.2.

Figure8.9: Landmarksetusedfor age-relatedchanges.Imagesafter[Far94]
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Vertical Horizontal Depth Euclidean Arc length

Head v-n t-t g-op
v-gn
v-po
v-t

Face 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

Orbits or-sci en-en en-se en-se
ex-ex ex-obs
ex-en ex-t

ex-go

Nose n-sn al-al sn-prn n-prn
sn-sto en-se

Lips and mouth sn-sto ch-ch ch-t ch-t
sn-ls
ls-sto
sto-li
li-sl
sto-sl

Ears sa-sba pra-pa n-obs
obs-obi op-po

Table8.2: Distancemeasurementsusedfor agechanges;seeFigure8.9 for landmark
sites.Somelandmarkpairsareduplicatedfor theleft andright halvesof themodel.

Thevirtual headmodel is placedin FH (FrankfortHorizontal)position,aligning
thehorizontal,vertical,anddepthdimensionsusedfor themeasurementsto thex, y,
andz axesin theobject's local coordinatesystem.Thecurrentvaluedc for a distance
measurementis �rst computeddirectly from the landmarkson themodel. Givenage
andsex for theheadmodel,thevalueiscomparedto thestatisticalmeanvalue� c in the
datatablesto �nd its positionin theassumedstandardprobabilitydistribution. After
lookingup themeanvalue� t for thetargetage,the�nal distancevaluedt at thesame
relativepositionin thedistributionis computed:

dt = � t +
� t

� c
(dc � � c);

where� c and� t arestandarddeviationsfor the currentandtarget age,respectively.
Mappingthe deviation from the statisticalmeanin this way helpsto retainthe indi-
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measured src distance

computed target distance

Figure 8.10: Deriving agechangesfor one distancemeasurementby mappingthe
actualmeasurementinto theprobabilitydistribution. Table:[Far94]

vidual characteristicsof the sourceheadmodeleven over large changesin age. Fig-
ure8.10demonstratesthemappingfrom oneageto another.

For deformingtheheadgeometry, thetaskat handis: giventhecurrentlandmark
positionsp i (i = 1; : : : ; N ) andanumberof distancemeasurements,whatarethenew
landmarkpositionsq i ? This problemis largely underdetermined,astherearemany
solutionsthat ful�ll thehard constraints imposedby thenew distancemeasurements
for the target age. To alleviate this, moreconstraintsareaddedbetweenlandmarks
thatarecloseto eachother: thedistancesbetweenthemshouldscaleroughlywith the
globalscalings of thehead,which is derivedfrom thechangein headheight. These
aresoft constraints, in that they areusedto �nd the bestsolution,but they arenot
strictly enforced.

Linear Constraint Resolution

Most of thedistancemeasurementsaregivenalongoneaxisa (a 2 f x; y; zg), which
allowsto representtheproblemasa setof linearconstraints:�nd then new landmark
coordinatesqa;i ; i = 1; : : : ; N ; for eachaxis a. The problemis solved separately
for eachaxis. The relationto the M harddistanceconstraintsand fM soft distance
constraintscanbeexpressedby asparselinearsystem:

Aq a = d +
fMX

i =1

� i ed i ;

wherethe combinatorialmatrix A 2 R(M + fM )� N speci�es pairingsof landmarks.
Eachrow of A containsexactly two non-zeroentries+1 and� 1 in columnsj andk,
respectively, to denotethedifferenceqa;j � qa;k . Therecanbeat mostN (N � 1)=2
pairingsof landmarks,but in practiceonly M � 35 plus fM � 100 neighboring
landmarksarepairedperaxis. Thevectord 2 RM + fM representsthehardconstraints
andhasM non-zeroentriesin thosepositionswherethetargetdistanceis prescribed.
Eachvector ed i 2 RM + fM containsa singlenon-zeroentrywith the currentdistance
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Figure8.11: Arc-length measurementsareusedto modify faceshapeafter solving
constraints.The landmarkst andch areconstrainedby their Euclideandistanced.
Themiddlelandmarktch is placedin themiddleof acirclesegmentthatapproximates
thedesiredarclengthl .

kpa;j � pa;k k betweena pair of landmarksnot constrainedby d in thecorresponding
position,i.e., in therow whereA speci�esthepairingof qa;j andqa;k . SinceI want
to enforcethehardconstraintsd givenby thedata,but keeptherelationsbetweenthe
otherlandmarksasunchangedaspossible,thesystemis solvedfor weights� i closeto
theglobalscalingfactors. To thisend,theequationis reformulatedby shifting terms
to includetheed i and� i in thematrix:

�
A eD
0 I

� �
qa

�

�
=

�
d
s

�
; (8.2)

wherethecolumnsof eD 2 R(M + fM )� fM arecomposedof thevectors� ed i , and� is a
vectorbuilt from the � i in the sameorder. The submatrixI 2 R fM � fM is an identity
matrix. On the right handside,s has fM entrieswith the constantscalingfactor s.
The systemis now overconstrainedandsolved for the qa;i and � i using a singular
valuedecomposition(SVD) [PTVF92]. The singularvaluesareclampedto achieve
a prescribedconditionnumberfor theleastsquaresproblembeforeback-substitution.
This removeslineardependentconstraints,asthey occurin practice.

Accordingto this method,I setup andsolve threeindependentlinearsystemsfor
thedistanceconstraintsalongthex, y, andz axes.Sincethedatais only asexactasthe
proceduresusedfor takingmeasurementsof thesamplepopulation,andthecollected
datais only statistical,a precisesolutionfor agivenindividualheadcannot in general
beachieved. SVD will give a best�t in the leastsquaressense,though: for a system
Ax = b, thesolutionvectorx thatminimizesthe residualerrorkAx � bk2 will be
found. In Equation(8.2), the valuesin d are typically in the rangeof 10–200mm,
while the valuesin s arecloseto 1.0. Thus,a small error (i.e., a displacementfrom
theidealtargetposition)in oneof thenew landmarkcoordinatesqa;i resultsin amuch
larger residualerror thana small deviation in oneof the weights� i . As a result, I
foundthehardconstraintsto beful�lled with a maximumabsoluteerrorof abouttwo
millimetersin theexperiments.

Non-linear Constraints

For somelandmarkpairsa Euclideandistanceis given,which cannot beincludeddi-
rectly into theequationsystem.I linearizethis problemby splitting sucha constraint
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into threeaxis-alignedconstraints.Givena currentvectorfrom onelandmarkto an-
otherandaprescribedtargetdistancebetweenthem,it is assumedthatthedirectionof
thatvectorwill not changedrasticallyin thesolution.This vectoris scaledto thetar-
getlengthandprojectedontothethreeaxesof theglobalcoordinatesystem.Thethree
projecteddistancesareaddedasadditional linear constraintsinto the equationsys-
temsdescribedin theprevioussection.LettingSVD runasbefore,asolutionis found
thatapproximatelyful�lls theEuclideandistanceconstraint.To improve thissolution,
theprojectionprocessis repeated,solvingagainuntil convergence.In practice,three
iterationssuf�ce.

Arc lengthis anothermeasurementtype in thedata.Sincethepairsconnectedby
arcsareconstrainedadditionallyby distancemeasurementsin thesampledataset,it is
not necessaryto includethearc lengthsinto theconstraintresolutionmechanism.In-
stead,thearcmeasurementsareusedto improve theshapeof thesurfaceaftersolving.
Approximatingthearcby a circle segment,anadditionallandmarkis placedbetween
the two landmarksconnectedby the arc,asshown in Figure8.11. This landmarkis
shiftedalongthesurfacenormalto give thearcthedesiredlengthfor thetargetage.

8.5.5 Discussion

Thecomputeddeformationof thefacefor changingits ageproducesplausibleresults,
which is encouraginggiventhat only a smallamountof statisticaldatais used.Age
progressionsof two maleindividualsaredepictedin Figures8.12and8.13.Thealgo-
rithm dealsonly with geometricdeformation,texturesarenot automaticallyadapted.
The �gures thusshow the deformedheadswithout texturesandalsowith manually
adaptedtextures.

My approachis inspiredby DECARLO et al.[DMS98], but hasno restrictionson
the smoothnessor parameterizationof the surface. The computationof the agede-
formation usesonly the landmarkset, thusbeing independentfrom the type of the
deformedsurface—here,thedeformationis appliedto theverticesof theheadmodel's
trianglemesh.

Thealgorithmis purelystatisticalin nature,thusaccuratepredictionsaboutindi-
vidualheadshapechangesaredif�cult. It is, for instance,assumedthatameasurement
keepsits variancefrom thestatisticalmeanover theyears:a nosethatis relatively big
for anadult is assumedto bebig in childhood.Togetherwith thescarcityof thefacial
measurements,this tendsto retain the characteristicsof the original faceto a some-
timestoostrongdegree.It wouldbeusefulto havedataabouttheshiftingof measured
distanceswithin theprobabilitydistributionover time.

Probablydueto theerror-pronephysicalmeasurementprocesscarriedoutby many
examinersovertheyears,thecollectedtabulatedmeasurementdatais not �a wless.For
instance,examinationof thetabulatedarcmeasurementsdelivereda surprisingresult:
the ratio betweenarc length and correspondingEuclideandistanceremainsalmost
constantthroughthe agesin the table data,i.e., the roundnessof the facedoesnot
varysigni�cantly, differentfrom whatonewouldexpectespeciallyfor youngerfaces.
To incorporatethepuf�ness of smallchildren'scheeksthatcanbeobservedin thereal
world, I allowedfor anadjustableslightincreasein thearclengthof upto 10%overthe
original valuesfor a youngchild. With today'smodernscanningtechnology, it would
befeasibleto obtainmuchmoredetailedandprecisemeasurementsof humanheads,
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Figure8.12:Deformationof adultheadby theconstraintresolutiontechnique.Top to
bottom: 5 years,15 years,31 years(original age).The textureson themodelsin the
right columnhave beencreatedmanuallyfrom theoriginal agephototexture.



104 CHAPTER 8. MAKING NEW FACES

Figure8.13: Deformationof a boy'sheadby theconstraintresolutiontechnique.Top
to bottom:1 year, 5 years(original age),20 years.Theright columnsshowsanimated
andtexturedversionsof thesemodels.
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avoiding suchworkaroundsandimproving the resultsof the presentedage-mapping
algorithm.

Therearemany moreaspectsto growth andagingof faces.Wrinkle formationand
changesin skin color or hair growth arenot coveredin theprocedurepresentedhere.
Themechanicalskin propertiescanbeadjustedto a limited degree,though: theskin
stiffnessconstants,skin thickness,andmusclelayer thicknessareevaluatedduring
constructionof eachheadmodelto initialize thespringmesh,theskull, andthemus-
cle layer. Theseparameterscanbeadjustedmanuallyto accommodatefor individual
andage-relatedchanges.While it shouldbe possibleto have thesevaluescomputed
automatically, a thoroughexaminationof thevisual impactof suchadjustmentsonto
theactualanimationis still required.

The contribution of the approachpresentedhere is the simulationof the shape
changesof thehumanheadduringgrowth. In combinationwith skinagingtechniques
suchasthoselistedin Section8.5.1,themethodcanbea substantialpartin thedevel-
opmentof acompletefacialagingsystem.

8.6 Application 3: Face Reconstruction from the Skull

For well over a hundredyears,forensicart and sciencehasbeenassistinglaw en-
forcement.Oneof themajorareasof concernin this areais facial reconstructionfor
postmortemidenti�cation of humansfrom theirphysicalremains.Manualreconstruc-
tion andidenti�cation techniquesbuild on the tight shaperelationshipsbetweenthe
humanskull andskin: for instance,thepresumedidentity of a murdervictim canbe
con�rmed by superimposinga facialphotographwith aproperlyalignedandsizedim-
ageof theskull. If nophotographis available,thelook of thefacecanbereconstructed
to a certaindegreeby modelingthe missingtissuelayersdirectly onto theskull or a
plastercastmadefrom it.

Figure8.14: Historic reconstructionof a facefrom the skull. Left: sculptedrecon-
struction;right: corpsefrom which theskull wasobtained.Images:[Tay01].
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Figure8.15: Comparisonof sculptedreconstructionswith photographs.Left: male
subject;right: femalesubject.Images:[HRPM93].

The�rst documentedcaseusingthree-dimensionalfacial reconstructionfrom the
skull datesbackto 1935[Tay01]. A key experimentwaslater performedby KROG-
MAN [Kro46]: given thebodyof a deceasedperson,he took a pictureof thecadaver
headbeforeextractingtheskull. The skull wasprovided to a sculptoralongwith in-
formationaboutsex, origin, andageof thelateowner, plusdataon theaveragetissue
thicknessesatseveralpositionsin theface.Fromthismaterial,a reconstructionsculp-
turewascreatedthat could becomparedto theoriginal head.The resultis shown in
Figure8.14. Sincethat time, three-dimensionalfacial reconstructionfrom the skull
hasbeenmuchre�ned, but themethodhasessentiallyremainedthesame.Researchers
have examinedtheskull / skin relationshipsfor differentethnicgroups[LBV93] and
analyzedthecorrespondencesof skull morphologyandfacial features[FN93]. Others
found correlationsbetweenmuscleactivity andskull shape[ML74, WH86]. In her
comprehensive textbook,TAYLOR [Tay01]describesthecraft in greatdetail.

Much of thefascinationof thetopic is dueto thecombinedefforts of scienceand
art, resultingin often astonishinglylifelike reconstructions,given the little available
input (seeFigure8.15). Many parametersof theoutwardappearanceof an individual
cannotbereadilyderivedfrom theskull, though.Theprocessis thushighly dependent
onrulesof thumb,theexperienceof theartist,andsomeguesswork.It is, for instance,
next to impossibleto reconstructthe shapeof theearsbasedon scienti�c reasoning,
althoughempirically thereseemsto be a relation of earheight to the lengthof the
nose[Tay01, p. 403].

8.6.1 The Manual Reconstruction Process

The traditionalwork processfor facial reconstructionbegins with preparationof the
skull. Sincetheskull is oftenevidencein a criminal case,greatcareneedsto betaken
in handlingit: somepartsareextremelythin andfragile,especiallyin thenoseandthe
orbits.For identi�cation, theteethoftenprovidealot of usefulinformation,soadental
analysisis usuallyperformedat this stage.For the reconstructionof the lower face,
the mandibleneedsto be properlyalignedandsecuredto the skull. It is important
to takethe naturalspacingat the temporomandibular joint into accountwhendoing
this,which canbeachievedusingspacers.In cooperationwith ananthropologist,and



8.6. APPLICA TION 3: FACE RECONSTRUCTION FROM THE SKULL 107

Figure8.16: Modeling the facewith clay on top of the skull using the tissuedepth
method.Images:[Tay01].

possiblygivenmoreinformationfrom theremainsof thevictim, anestimationof age,
ancestry, sex, andstaturecannow beobtained.

Theactualfacereconstructionproceedswith oneof two availableapproaches:the
anatomicalmethodandthetissuedepthmethod. Theanatomicalmethodattemptsre-
constructionby sculptingmuscles,glands,andcartilage,�eshing out theskull layerby
layer. This techniqueis moreoftenusedin thereconstructionof fossil faces,whereno
statisticalpopulationdataexists [ZPM98]. As TAYLOR states,this techniqueis very
time consuming,occupying“many hundredsof hours”. It alsorequiresa greatdeal
of detailedanatomicalknowledge.Therefore,thealternative tissuedepthmethodhas
becomethe morepopularreconstructiontechniquein law enforcement.Here,stan-
dardsetsof statisticaltissuethicknessmeasurementsat speci�c pointson thefaceare
used.Eachmeasurementdescribesthetotaldistancefrom theskinsurfaceto theskull,
including fat andmusclelayers. The methodis thusmorerapid thanthe anatomical
methodanddoesnotrequireasmuchanatomicalknowledge.Suchmeasurementshave
beencollectedfor malesandfemalesof several racialgroups,usingneedles,X-rays,
or ultrasoundtechniques.The tissuedepthdatamostoftenusedby police artiststo-
day wascollectedprimarily by RHINE et al. [RC80, RM84]. The datais sortedinto
“slender”,“normal”, and“obese”groups,aswell asby sex andrace.

Giventhesetof measurements,tissuedepthmarkersarenow placedon theskull
or a castmadefrom it, re�ecting the tissuethicknessat the samplepoints. These
markersareorientedorthogonallyto theskull surface,correspondingto thedirection
of the tissuethicknessmeasurements.Using the markersandother featureson the
skull for guidance,the faceis modeledon top of theskull usingclay. A snapshotof
the beginning stagesof a reconstructionusing the tissuedepthmethodis shown in
Figure8.16.
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8.6.2 Developing a Computer -Based Appr oach

The tissue-depthmethodasdescribedabove translatesremarkablywell to my head
modelingframework: in theapplicationspresentedin Sections8.4and8.5,thegeneric
facemeshwith underlyingmuscleandbonelayersis deformedto matchgiventarget
constraintsontheskin. Thisprocessis adoptedhereto matchthemuscleandskin lay-
ersto givenskull datainstead.Themanual“dowel placement”methodis implemented
byextendingtheskull landmarkeditorbrie�y discussedin Section5.1.1.Thesculpting
of theskin surfaceis performedasshown beforeby applyingtheRBF-basedvolume
deformationto a headmodeltemplate.The deformationapproachhastheadditional
advantageof beingapplicableto theadditionalstructuresattachedto thetemplate:the
musclestructureis mappedto the�tted headmodelaswell, enablinganimationonthe
reconstructedheadin thephysics-basedfacialanimationsystem[KHS03].

After reviewing relatedwork in thefollowing section,acquisitionof skull dataand
interactivelandmarkplacementarediscussedin Section8.6.4.Section8.6.5describes
how thegenericheadmodelis �tted to theskull. Animationandtexturegenerationfor
theresultingheadmodelaretoucheduponin Section8.6.6. I presentsomeexamples
in Section8.6.7anddraw conclusionsfrom theseresultsin Section8.6.8.

8.6.3 Related Work

Perhapsdueto thelack of rigid taxonomiesandhardrules,theuseof computersand
computergraphicsin this forensicapplicationis still very limited. The procedures
describedabovecannotbecasteasilyinto a computerprogramthatproducesgoodre-
sultsin anautomatedmanner—theexperienceandjudgmentof thepractitionerremain
a vital partof thesystem.

In law enforcementpractice,computer-aidedtechniquesrestrictto relatively sim-
ple imageandvideomanipulation:facephotographsareusedfor skull superimposi-
tion [Grü93,MYIS95], while imagewarpingandretouchingenableabasicsimulation
of aging [Tay01, p. 253]. This situationis unfortunate,sincethe traditional three-
dimensionalfacereconstructionprocessis extremelytime-consumingandexpensive.
It is hardlyfeasibleto produceavarietyof differentplausiblereconstructionsfrom one
skull, simply dueto theeffort thathasto beput into thecreationof eachmodel.Also,
repeatedphysicalhandlingof theoriginalskull increasestherisk of damage.

Oneprototypicalcomputer-basedfacereconstructionsystem,allowing �tting of a
generichierarchicalB-splineheadmodelto a skull mesh,is describedby ARCHER in
herMaster's thesis[Arc97]. Theuserplacesdowelson a skull modelwith prescribed
tissuethicknessvalues,resultingin targetsfor a B-splinesurface�tting process.The
interpolationprocessis tricky andrequirescarefulpreparationof the templatehead
model.

In theapproachpresentedby M ICHAEL andCHEN [MC96], a sourceheadmodel
that includesa skull is deformedusinga volumedistortionfunctionsuchthat thede-
formed sourceskull approximatelymatchesthe target skull. It is assumedthat the
deformedsourceheadmodelbearsgoodresemblanceto the (unknown) target head
model. The volumedistortionfunction is setup asa �eld warp usingforty pairsof
disc �elds, which aremanuallyplacedaroundthe skull. No detailsaregiven on the
placementof thesecontrol�elds.
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Figure 8.17: Skull landmarkspeci�cation in the mouth area. Left: snapshotfrom
landmarkeditor; right: correspondencesbetweenskull and skin markers,showing
orthogonalandnon-orthogonalskull/skinrelationships.Right imageafter[yI93].

A deformationtechniquesimilar to theoneusedhereis employedby VANEZIS et
al. [VVMN00]. A facialtemplatechosenfrom adatabaseof scannedfacesis deformed
to matchthepositionof target facelandmarks,which have beenderivedfrom adding
statisticaltissuethicknessvaluesto thecorrespondingskull landmarks.Theresulting
reconstructedheadsarenotalwayscomplete(for instance,thetopof theheadisusually
missing). The authorssuggestto export an imageof the reconstructedheadand to
applya �nal image-processingstepto addeyes,facialandheadhair.

Theabovemethodsrequirealot of manualassistancein settinguptheinterpolation
function [Arc97, MC96], or rely on a databaseof headtemplates[VVMN00]. In
contrast,with the approachpresentedhere,reconstructionsaredevelopedfrom one
headtemplatewith relatively few markers,and additionalmechanismsare usedto
improve reconstructionresults(seeSection8.6.5). The approachalwaysgenerates
completeheadmodels. Insteadof usinghigher-ordersurfacesor point samples,the
surfaceof the deformableheadtemplateis an arbitrary triangle mesh,simplifying
later artistic modi�cations of the result using standardmodeling tools. Integration
of expressive facial animationhasnot beendiscussedby othercomputer-aidedfacial
reconstructionapproachessofar.

8.6.4 Preparation of the Skull

My approachusesthree-dimensionalskull dataacquired,for instance,from volume
scansandextractionof thebonelayers,or by rangescanningaphysicalskull. Thetest
datausedfor the examplesin Section8.6.7wasacquiredusingboth typesof scans.
To speedup furtherprocessing,a low-resolutiontrianglemeshcomprisedof 50-250k
polygonsis producedfrom theskull modelby meshdecimationtechniques[GH97]. In
general,theoriginal datashouldbesimpli�ed aslittle aspossiblesinceminutedetails
on the skull cangive importantcluesfor the reconstruction.The meshresolutionis
chosenfor adequateresponsivenessof the interactive skull editor. In practice,it is
helpful to have theoriginal dataset(or thephysicalskull) readyasa referenceduring
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Figure8.18:Variationof thedeformableheadmodelusedfor reconstruction.Theskin
landmarkspairedto skull landmarksareshown asbluedots. Left: front view; right:
sideview.

editing.
In theeditor, theskull modelis equippedwith landmarks,asshown in Figure8.17.

Pointson the skull surfacearesimply picked to createa landmark,which can then
be moved aroundon the surfacefor �ne positioning. Eachlandmarkis associated
with a vector in surfacenormaldirection, correspondingto the typical directionof
thicknessmeasurements.As can be seenon the right imagein Figure 8.17, some
skull / skincorrespondencesarein fact non-orthogonalto theskull surfacein thearea
of the lips. This is correctedfor at a later stepof the �tting process,asdescribedin
Section8.6.5. The landmarkvector is scaledto the local tissuethickness,which is
lookedupautomaticallyby thelandmark'sassignednamein a tablebasedon RHINE's
data(seeSection8.6.1).Thespeci�c setof pairedlandmarksonskinandskull usedin
thisapplicationis listedin Table8.3. Mostskull landmarknamesanddescriptionsare
takenfrom [Tay01,p. 350ff.]. Shortskull landmarknamesarelistedin theid column.
I have tried to adhereto namingconventionsusedin theforensicandanthropometric
literatureasmuchaspossible[Tay01, yI93, Far94]. For simplicity, I haveassignedthe
sameshortnameto correspondinglandmarksonskull andskin,whichis notgenerally
the casein the literature. In a few cases,markedby � in the table, I inventedshort
names.Not all skull landmarkshave an“of�cial” counterparton theskin,soI placed
thecorrespondingskinmarkersusingmy own judgment.Themplandmarkpair is not
partof thestandardset. It wasaddedto improve thealignmentof skin to skull in the
region behindtheears,wherethemastoidprocessaddsabulgeto theskull.

8.6.5 Fitting the Deformable Head Model

Head Model Structure

Whentheskull is taggedwith landmarks,it servesasthetargetfor deformationof the
genericheadmodelshown in Figure8.18. This modelis a slight variationof theone
describedin Section5.1.Mostnotably, aseparatelycontrollablejaw aswell astheeye,
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name id description
Midline

Supraglabella tr Above glabella,identi�ed with thehairline
Glabella g Themostprominentpoint betweenthesupraorbitalridgesin

themidsagittalplane
Nasion n The midpoint of the suturebetweenthe frontal andthe two

nasalbones
Endof nasals na Theanteriortip or thefarthestpoint outon thenasalbones
Mid-philtrum a The mid line of the maxilla (eastandwest),placedashigh

as possiblebeforethe curvatureof the anteriornasalspine
begins

Upperlip margin
(Supradentale)

sd Centeredbetweenthemaxillary(upper)centralincisorsatthe
level of theCementumEnamelJunction(CEJ)

Lower lip margin
(Infradentale)

id Centeredbetweenthe mandibula (lower) central incisorsat
thelevel of theCementumEnamelJunction(CEJ)

Chin-lip fold
(Supramentale)

b The deepestmid line point of indentationon the mandible
betweentheteethandthechinprotrusion

Mentaleminence
(Pogonion)

pog The mostanterioror projectingpoint in the mid line on the
chin

Beneathchin
(Menton)

me Thelowestpointon themandible

Bilateral

Frontaleminence fe� Placeon theprojectionsat bothsidesof theforehead
Supraorbital sci Abovetheorbit, centeredontheuppermostmargin or border
Suborbital or Below theorbit, centeredonthelowermostmargin or border
Endocanthion en pointat theinnercommissureof theeye �ssure; thelandmark

on theskin is slightly lateralto theoneon thebone
Exocanthion ex pointat theoutercommissureof theeye �ssure; thelandmark

on theskin is slightly medialto theoneon thebone
Inferior malar im Thelowerportionof themaxilla,still on thecheekbone
Lateralorbit lo Drop a line from theoutermargin of theorbit andplacethe

markerabout10mmbelow theorbit
Zygomaticarch,
midway

zy Halfway along the zygomaticarch(generallythe mostpro-
jectingpoint on thearchwhenviewedfrom above)

Supraglenoid sg above andslightly forwardof theexternalauditorymeatus
Gonion go Themostlateralpoint on themandibularangle
SupraM2 spm2� Above thesecondmaxillarymolar
Occlusalline ol On the mandiblein alignmentwith the line wherethe teeth

occludeor bite
SubM2 sbm2� Below thesecondmandibularmolar
Mastoidprocess mp� Mostlateralpartonthemastoidprocessbehindandbelow the

earcanal

Table8.3: Landmarksetusedfor facereconstruction
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(a) (b) (c)

Figure8.19:Fitting stages,shownonthelowerface.a)usingonly user-speci�edland-
marks(someskull areasstill intersectingtheskin); b) with automaticallyinterpolated
landmarkson themandible;c) usingadditionalheuristicsfor lip andnoseshaping.

teeth,andtonguemodelshave beenleft out of the reconstructionapproachsincethe
addedanimationcapabilitiesprovidedby thesefeaturesarenot particularlyusefulfor
thisapplication:while amodestchangeof expressionsuchasasmileor afrown might
aid identi�cation, rolling of eyes,blinking, andtalking would probablynot. It is also
nearlyimpossibleto correctlyguessdetailssuchasaspeci�c wayof speaking—errors
in this respectwould producerathermisleadingresultsin a real identi�cation case.
In conclusion,theeffort of providing a separatejaw mesh,aswell asplacingtongue,
eye, and potentially teethmodelsdoesnot offset the bene�ts. Likewise, real-time
animationand renderingspeedarenot importantfor the reconstructionapplication.
Theheadmodelhasthusbeenre�ned to 8164trianglesto allow for a better�t of the
geometryandhigherquality rendering.The adaptedheadmodelandthe landmarks
de�ned on theskin surfaceareshown in Figure8.18. Themajority of the landmarks
correspondsto the user-speci�ed skull landmarks.Theselandmarkpairscontrol the
basic�tting of the headstructure,while a few additionallandmarksonly de�ned on
theskin areusedfor the �nal adjustmentsof thereconstructedshape.This processis
discussedin thefollowing sections.

Deformation

Giventhedeformableheadmodelwith N prede�nedskin landmarkpositionsp i 2 R3

andthe correspondinglandmarkssi 2 R3 (i = 1; : : : ; N ) speci�ed on the skull, a
spacedeformationis setup that�ts theskinandthemusclelayoutto theskull.

Thetargetskull landmarkshaveassociatedtissuedepthvectorsd i , socorrespond-
ing skin landmarkpositionsq i arede�ned asq i = si + d i . The problemcannow
be treatedasdescribedin Section8.3, by settingup a function f thatmapsthe p i to
theq i . In contrastto thepreviousapplications,theskull geometryis alreadygiven,so
only skin meshandmusclesaretransformedto matchthetemplateheadmodelto the
skull.

Sincethe landmarkset is comprisedof only 40 landmarks(seeTable 8.3) and
is thusvery sparse,the computeddeformationdoesn't properlyalign the skin to the
skull in all places,ascanbeseenin Figure8.19(a). Interactive speci�cationof more
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Figure8.20:Comparisonof heuristicsusedin traditionalreconstruction(left) with the
graphicalinterface(right). (Note: differentskulls areusedin the adjoiningimages.)
Top: estimationof nosewidth; center:positioningof thenosetip; bottom:settinglip
width, height,andmouthcornerposition.

landmarksputsanundesirableadditionalburdenontotheuser, soadditionallandmark
pairsarecomputedautomaticallyby interpolationbetweenexisting oneson theupper
andbackpartof thecranium,aswell ason themandible,asshown in Figure8.19(b).
Thethicknessvalueof aninterpolatedskull landmarkis alsointerpolated,whereonly
suchskull areasarechosenfor landmarkinterpolationwherethe tissuethicknessis
near-constant.Tissuedepthinterpolationwould be problematic,for instance,in the
mid-facearea,wherethicknessvalueschangedrasticallyfrom the cheekboneto the
mid-faceregion below.

Additional Reconstruction Hints

The tissuedepthvaluesat the markerpositionsde�ne the basicshapeof the recon-
structedhead,assumingdepthmeasurementsbeingalwaysstrictly orthogonalto the



114 CHAPTER 8. MAKING NEW FACES

skull surface.As mentionedin Section8.6.4,this assumptionis not alwaysvalid. A
numberof rules are thususedin traditional facial reconstructionto help locatecer-
tain featuresof the face basedon the skull shape,employingempirical knowledge
aboutshaperelationsbetweenskinandskull [Tay01]. I have translatedsomeof these
heuristicsfor usewith the skull landmarkeditor: the �nal �tting result,asshown in
Fig. 8.19(c),is obtainedby includingthisadditionaluserinput.

To keeptheuserinterfaceuniform, mostrulesareexpressedby theplacementof
vertical and horizontalguidesin a frontal view of the skull. From this user input,
the placementof a few landmarkson the skin is adjusted,resultingin a new target
landmarkcon�guration. Theupdatedlandmarksetis usedto computeanotherwarp
function,which deformsthepre-�tted headmodelin theadjustedregions. Five rules
in�uence theshapeof thenoseandtheshapeof themouth,asshown in Figure8.20:

� The width of the nosewings correspondsto the width of the nasalapertureat
its widestpoint, plus5mmon eithersidein Caucasoids.In theeditor, theuser
placestwo verticalguidesto theleft andright of thenasalaperture.Fromtheir
position,thedisplacementof thetwo al skin landmarksplacedat thenosewings
is computed(cf. Figure8.20,top row).

� The positionof the nosetip dependson the shapeof the anteriornasalspine.
Accordingto KROGMAN's formula[Tay01,p. 443], thetip of thenoseis in the
extensionof thenasalspine.Startingfrom thez valueof thetissuedepthmarker
directly below the nose(mid-philtrum, seeTable8.3), the line is extendedby
threetimesthe lengthof the nasalspine(cf. the white andyellow lines in the
right imageof Figure8.20,middlerow). In theeditor, begin andendpointsof
thenasalspinearemarked.Theprn landmarkat thenosetip is thendisplaced
accordingto theformula.

� Thewidth of themouthis determinedby measuringthefront six teeth,placing
the mouthangleshorizontallyat the junction betweenthe canineandthe �rst
premolarin a frontal view. Two vertical guidesare usedfor positioningthe
ch landmarkslocatedat themouthangles(vertical lines in Figure8.20,bottom
row).

� Thethicknessof thelips is determinedby examiningtheupperandlowerfrontal
teeth.Seenfrom thefront, thetransitionbetweenthelip andfacialskinis placed
atthetransitionbetweentheenamelandtherootpartof theteeth.Twohorizontal
guidesare placedby the userat the upperand lower transition, respectively.
Thisdeterminestheverticalpositionof theid andsdlandmarksmarkingthelip
boundary(topandbottomhorizontallinesin Figure8.20,bottomrow).

� The parting line betweenthe lips is slightly above the bladesof the incisors.
This determinestheverticalplacementof thech landmarks(middlehorizontal
line in Figure8.20,bottomrow).

Usingtheseheuristics,abetterestimateof themouthandnoseshapescanbecom-
puted.Theeffect is strongestonthelip margins,sincetheassumptionof anorthogonal
connectionbetweencorrespondingskin andskull landmarksis in fact not correctat
thesesites,astheright partof Figure8.17shows. Theinitial deformationthusgivesa
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Figure8.21: Preparationof a real skull for reconstruction.Left: the skull is laser-
scanned;right: resultingskull mesh,simpli�ed andtaggedwith landmarks.

goodestimateof thetissuethicknessof thelips while theseconddeformationusingthe
informationprovidedby interactiveguideadjustmentre�nes theverticalplacementof
thelip margins.

8.6.6 Facial Expressions and Rendering

In manualfacial reconstruction,a neutralposeof the face is preferredas the most
“generic” facial expression.Otherexpressionscouldbehelpful for identi�cation pur-
poses,but thecostof modelingseparateversionsof theheadmodelis prohibitive. In
thevirtual reconstructionapproachpresentedhere,thisdoesnotposeaproblem:since
the�tted headmodelhastheanimatablestructureof skinandmuscles,differentfacial
expressionscanbeassumedby settingmusclecontractions.

If additionalinformationaboutthemodeledpersonis available,for instance,from
remnantsof hair foundwith theskull, theresultingmeshcanbecoloredcorrespond-
ingly. The systemincludesbasiccapabilitiesfor coloring the partsassociatedwith
skin, lip, andeyebrows in the model's texture map. Colorscanbe adjustedinterac-
tively in HSV spaceon the reconstructedheadmodel. Finally, thecolor adjustments
aremerged into a neutralbasetexture andsaved asa new texture map. The �tted,
texture-mappedtrianglemeshcanbeeasilyimportedinto variousrenderingpackages
for display. The examplesshown in Figures8.22and8.23show threedifferentskin
colorationscreatedin thisway.

8.6.7 Reconstruction Examples

I have testedthe techniqueon a real skull andon two medicalvolumescans,made
availableby theInstituteof ForensicMedicine,SaarlandUniversity. All datapertains
to individualsof Caucasiantype.Eachreconstructionrequiredapproximatelyanhour
of interactivework, excludingtime for dataacquisition.
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Figure8.22:Exampleof facial reconstructioncreatedfrom ascannedrealskull, show-
ing �t of skin to skull, transferredmuscles,andthreefacialexpressions.
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Figure8.23:Examplesof facialreconstructionsfromvolumescans.Top: malesubject,
showing theactualfaceascontainedin thedata,superimpositionsof theactualandthe
reconstructedfacewith the skull, andthe reconstructionwith neutraland“worried”
expression.Bottom: femalesubjectwith strongskull deformations.TheCT datasets
don't containthe top andbottomof theheads,thusthesourceskull andfacemodels
arecut off. Theactualheadheighthadto beguessedin thesecases.
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Figure8.24:Left to right: RHINE's traditional“slender”,“average”,and“obese”tissue
depth tables(cf. [Tay01, p. 350 ff.]) often result in hollow cheeksand prominent
cheekbones(seealsoFig.8.22and8.23).Rightmostimage:theshapecanbeimproved
by “bulgingout” theaffectedmeshareas.

The real skull, shown in Figure8.21, wasunearthedon a constructionsite and
belongsto anunidenti�ed male,approximately35 yearsof age.As canbeseenfrom
theholein thefrontal bone,hewaskilled by a headshot.It is believedthattheowner
of this skull wasawarvictim or a soldier.

After scanningtheskull, theresultingmeshwassimpli�ed to 100ktriangles.The
interactive placementof the skull landmarksandfacial featureguideswasrelatively
easyin thiscasesincetheskull is completeandin goodcondition.Theskull meshwith
user-speci�edlandmarksisdepictedin Figure8.21.Dueto its war-timeorigin, theface
canbeassumedto beratherskinny, so I selectedthe “slender” tissuethicknesstable.
Fitting resultscanbeseenin thetop half of Figure8.22. Sincetheactualappearance
of theindividual is unknown, theaccuracy of thereconstructioncanonly beguessed.
Nonetheless,thereconstructionseemsplausible.Notably, theshapeof thechin,which
canbepredictedfrom thecorrespondingregionontheskull, hasbeenreproducedwell.

To show examplesutilizing otherdatasources,andalsofor validation,skull and
skin surfaceswereextractedfrom medicalvolumescans. The �rst dataset, shown
in the top row of Figure8.23, pertainsto a malesubjectof roughly 30 years. The
subject's faceis ratherbulky, sothe“obese”tissuethicknessdatasetwaschosen(in a
realcase,thischoicewouldhaveto bemadebasedonotheravailableinformationsuch
asthesizeof clothes,if present).The�rst reconstructionattemptsshowedaconsistent
emphasison prominentcheekbonesand hollow cheeks: no matterwhich dataset
waspicked, the facewould becomemorebulky, but not show the expectedgeneral
roundnessof the face. This effect is demonstratedin Figure 8.24 on variationsof
the�rst model.A closerexaminationrevealedthatthereasonlies in therelatively low
thicknessvaluesRHINE assignedto thelandmarksde�ning thecheekregion(sbm2and
spm2in Table8.3).After excludingthesetwo landmarks,I obtainedtheresultsshown
in Figure8.23. The rightmostimagein Fig. 8.24shows how simplemeshmodeling
techniquescouldbeusedat thispoint to improveandindividualizethereconstruction.

Thesecondvolumedatasetshowsafemalepatientwith strongskull deformations.
A reconstructionof this facewasproducedto testthe methodwith a decidedlynon-
averageskull shape.The resultcanbe seenin thebottomhalf of Figure8.23. Since
theautomaticlandmarkinterpolationscheme(seeSection8.6.5)is designedto 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 one incisor, pushingthe upperlip to the front. To model this effect, I
moved the sd landmarka few millimetersdown onto the bladeof the incisor, thus
pushingthe associatedskin landmarkforwardaswell. This did not have an adverse
effect on the de�nition of the heightof the upperlip boundarysincethis is adjusted
separatelyby themouthguides(cf. Figure8.20).

8.6.8 Discussion

The facereconstructionapproachpresentedin this sectionmirrors themanualtissue
depthmethodandthushasessentiallythe samepredictionpower. The resultsshow
overallgoodreproductionof facialshapeandproportions,andsomesurprisinglywell-
matcheddetails. It shouldbe notedthat the exampleswereproducedby a computer
scientistwith notrainingin forensicreconstruction.

Theadvantagesof thecomputerizedsolutionareevident: insteadof weeks,it takes
lessthana day to createa reconstructedfacemodel,includingscanningof theskull.
Oncethe scandatais markedwith landmarks,differentvarietiessuchasslimmeror
moreobeseversionscanbeproducedwithin secondsat thepushof a button,which is
practicallyimpossiblewith themanualmethoddueto thevastamountof timeneeded
for productionof a singlemodel. Slight variationsin facial expressioncan alsobe
obtainedquiteeasilyby animatingthemusclestructureunderlyingthemodel.

Since the virtual reconstructionis basedon 3D scans,which can be acquired
contact-free,the risk of damageto the original skull is reduced.On the otherhand,
thescanningprocesshasinherentlimitations: dependingon themaximumresolution
of thedigital scanner, muchof the�ner detailon theskull is lost. Thedelicatestruc-
ture of, for instance,the nasalspinecannotbe fully capturedwith currentscanning
technology. For this reason,it is necessaryto consulttheoriginal skull from time to
time for reference.

In my experiments,I oftenfoundthatsurfacenormalson thescannedskull geom-
etrydonotalwaysbehavethewaythey should,re�ecting theorientationof thesurface
only very locally. It mightbeusefulto consideranaverageof normalsin a largerarea
aroundthelandmarkpositionto solvethis. Sometimes,it wouldbedesirableto adjust
theorientationmanually.

Theinteractivesystemallows for an iterative reconstructionapproach:a modelis
producedquickly from a given landmarkcon�guration, so landmarkscanbe edited
repeatedlyuntil thedesiredresultis obtained.Theemphasison the interactioncom-
ponentmakesthe speedof the �tting processan important issue. While the actual
calculationof the warp function andthe deformationof the meshareperformedin-
stantaneously, about� ve secondsareneededin thetestsettingon a 1.7GHz Pentium
Xeon to examineskull andskin for potentialinsertionof additionallandmarks.This
timeis for thelargestpartusedfor rayintersectionsof theskull andskinmeshes,which
aredonein a bruteforcemanner. A big speed-upcanbeexpectedthroughtheuseof
spacepartitioningtechniques.

For practicaluse, the facial reconstructionsystemshouldprovide more editing
facilities for skin detailsandhair. Usefuladditionsinclude,for instance,a choiceof
templatesfor haircutsandfacialfeaturessuchaseyebrow shapes,beards,andwrinkles.
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At this point, large-scalevalidationof thesystemwould benecessaryto evaluatethe
usabilityof thesystem.

As TAYLOR writes in her book, the tissuedepthvaluesshouldnot be takenat
facevaluein three-dimensionalfacial reconstruction,but ratheract asguidesfor the
�nal facial reconstruction,which still reliesheavily onartisticskills andintuition. My
preliminarytestscon�rm thatstrict adherenceto RHINE's datafor thesolutionof the
interpolationproblemis too limiting. This indicatesnot a weaknessin the method,
but re�ects the low numberof samples(between3 and 37 in eachgroup) and the
technicallimitationsat the time RHINE assembledhis datatables.Giventhecurrent
stateof technology, moresamplesof higherprecisioncouldbeacquired,resultingin
much more comprehensive and usabledata. Ultimately, the computer-basedfacial
reconstructionapproachcouldthenevenbecomesuperiorto thetraditionalapproach.

8.7 Discussion

The applicationspresentedin the previous sectionsshow the potentialof the head
deformationframework. The internalmuscleandbonestructuresof a derived head
modelarerepresentedin an anatomicallyplausiblemanner, enablingtechniquesthat
useactualanthropometricmeasurementson skin andskull to producea fully animat-
ablemodel.

As a usefulsideeffect of alwaysusingthesamegenericmodel,all derivedheads
sharea commonparameterization,i.e., the sameset of muscles. Expressionsand
animationscan thusbe transferredbetweenmodels,which hasshown to work well
in practiceand is useful for building a commonexpressionand animationlibrary.
NOH [NN01] haspresenteda techniquefor transferof motionbetweendifferenthead
modelgeometries.A drawbackof thatapproachis the lossof theoriginal animation
parameters,i.e., the target model cannotbe controlledby the parametersanymore,
thusmakingmodi�cation of the transferredanimationdif�cult. This doesnot pose
a problemwith my approach,simplifying, for instance,incorporationof individual
characteristicsof facialmotion—suchasaparticularwayof smiling—intocannedan-
imation. Thereis someautomationpotentialfor dealingwith age-relatedanimation
characteristics,basedon themuscleparameterization:for instance,for a youngchild,
facialmusclemovementscanbegloballyscaleddown to accommodatefor thenotyet
fully developedabilitiesof expression.

Theresultsfrom theapplicationspresentedin this chapterindicatethatanthropo-
metricmodelingis afruitful approach,andcanbeausefultool for artistsandscientists
alike. Still, moredetailed,reliable,andpreciseanthropometricdatais needed.Based
on the constraintresolutiontechniqueusedfor aging,presentedin Section8.5, new
facemodelingtoolscanbe devisedthatallow speci�cationof facial featurerelations
accordingto age,sex, ethnicity, body type, or other statisticallycapturedvariables.
Apart from the applicationsshown, the basicdeformationtechniquecanalsoaid in
othercommontaskssuchasmorphingbetweenanimatedheadmodels.
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Rendering

Showmyheadto thepeople,it is worthseeing.
– GeorgesJacquesDanton,to his executioner

The main contributionsof this dissertationpertainto the modelingandanimation
of virtual headmodels. Still, an animationsystemis not completewithout actually
visualizing the animatedgeometry—inthis case,in real time. The main drawback
of real-timeanimationis the relatively coarsemodel resolutiondictatedby the nu-
mericalskin / tissuesimulation: even usingthe dual-processorstrategy describedin
Section5.6, no more thanabout2000 trianglescanbe usedfor the skin. While, at
this level of complexity, thesimulationthreadkeepsoneCPUcompletelybusy, there
is still a lot of capacityleft in therenderingthreadon theotherCPU.Thefacial com-
ponentseyes, teeth,andtonguecanthusbe renderedwith high resolution: they are
simplegeometricobjectsthatdo not addto thecomputationalload in thesimulation.
It is desirableto likewiseincreasethe resolutionof therenderedskin geometrywith-
out addingcomplexity to the physics-basedanimation.This is achieved with several
strategiesin theanimationsystem:

� hardware-acceleratedshading;

� displacedsubdivision surfaceson top of theanimatedfacemesh;

� dynamicre�nementof thegeometryduringanimation.

Theremainderof this chapterdiscussesthesetechniques.

9.1 Hardware-Accelerated Shading

The headmodel is in the simplestcaserenderedasa setof textured trianglesusing
OpenGL,wherethe texturesaregeneratedfrom photographs(seeSection5.5). To
improve the visual appearanceof the skin surfacewithout diminishingperformance,
the vertex programandregistercombinerfeaturesof the NVidia GeForce3graphics
boardareemployed,in particular, multitexturingusingthefour availabletextureunits.
Theseunitsareassignedto:
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Figure9.1:Snapshotof ananimation,eyebrowsraised.Left: plainOpenGLrendering;
right: with additionalreal-timeskin shading.The insetboxesarecolor-enhancedto
visualizethedifferentskinstructurebetterin print.

1. theskincolor texture;

2. abumpmapfor theskinsurfacestructure,codedin theRGBcolor channels;

3. anotherbump map for expressive wrinkles, plus a maskcontainingintensity
valuesfor thesurfacestructurebumpmapin thealphachannel;

4. amasktexturethatcontainsthreemonochromemasksfor speci�cationof sepa-
ratewrinkle regionsvia thecolorchannels,plusaglossmapin thealphachannel.

The bump map for the skin structureis computeddirectly from a synthetichuman
skin modelsimilar to theonepresentedby ISHII et al. [IYYT93]. Thecell-like struc-
ture gives the skin a more de�ned look, as can be seenin the right imagein Fig-
ure 9.1. For creationof the expressive wrinkle layout, the wrinkles arehand-drawn
into a separateimage,following the layout of the facein the skin texture. Fromthis
image,a bumpmapis automaticallycreated.Hardwarebumpmappingfor bothskin
structureandwrinklesis implementedusingtheOpenGLNV vertex program and
NV register combiners extensions. The intensity of the skin structurebump
mapcanbe locally variedusingan intensitymap,which containsa scalarvalueper
texel to specifythedegreeto whichthebumpmappednormalshouldaffect thelighting
computation.Consideringthe non-uniformspecularityof facial skin, a glossmapis
appliedto specifylocalspecularcoef�cients for theBlinn-Phongshadingmodel.

Thewholeprocessis carriedout in a singlerenderingpasson theGeForce3.The
expressive wrinkles residetogetherin onebump map,divided into threedistinct re-
gionswith separateintensitycontrol. The intensityof the foreheadpartof thebump
mapis directly connectedto thecontractionvalueof the frontalismuscles,leadingto
convincing wrinkles on the foreheadwhenthe eyebrows areraised,demonstratedin
Figure9.1. Also, the intensityof the furrows betweentheeyebrows arelinked to the
corrugatorsuperciliimuscles,whichpull theeyebrowstogether. All otherfacialwrin-
kleshave to residetogetherin thethird availablewrinkle region. Sincetheir intensities
cannotbe controlledindependently, they arenot linked to facial muscles. Without
resortingto multi-passrendering,separatecontrol over, for instance,the crow's feet
at the eyesandthewrinkles of themouthareawill be possiblewhennewer graphics
boardswith moretextureunitsbecomeavailable.
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Figure9.2: Displacedsubdivision surfaceheadmodelcreatedfrom point clouddata.
Left: Pointcloudfrom scanner(thinnedfor this image);center:controlmesh�tted to
thepoints;right: level 2 subdivisionsurface.

9.2 Displaced Subdivision Surfaces

Even thoughpropershadingof a polygonalsurfacecan often deceive the eye suc-
cessfully, it still falls shortof usingactualhigh resolutiongeometry. The limitations
becomeobvious,for instance,at thesilhouettesof anobject.Also, thetypicalGouraud
shadingmodelwith Phongre�ection at theverticesdoesnotdelivercrisphighlightson
low resolutiongeometry. As notedabove, thesimulationpartof the facial animation
systemdoesnot allow an increaseof the resolutionof the animatedmesh. It is well
possible,though,to increasethe resolutionof a separaterendered mesh,constructed
from theanimationmeshandfollowing its deformations.Thiscaneasilybedoneusing
subdivisionsurfaces.

Subdivision surfaces[ZS00] have becomeincreasinglypopularin modelingand
animationdueto their ability to bridgethegapbetweenpolygonmeshesandhigher-
ordersurfaces.Sincethey areconstructedby repeatedre�nementof triangleor quadri-
lateralmeshesup to an arbitrarily closeapproximationto their smoothlimit surface,
they alsoprovide an effective meansto control accuracy andef�ciency of rendering
in a systematicmanner. A displacedsubdivisionsurfacestoresadditionaldetail in
the form of vertex offsetsin surfacenormaldirection[GVSS00, LMH00]. At every
re�nement level, the surfacecanthusreveal moreandmoresurfacedetail. Given a
high resolutioninput scan,suchasurfacecanbegeneratedautomaticallyby sampling
thescandata,asdescribedby JEONG et al. [JKHS02]. Themethodtakesasinput an
unstructuredpoint cloud that is obtainedfrom rangescansof an individual. A fully
automatedprocedureis usedto �t the genericfacemeshof Section5.1 to this point
cloud,takingspecialcareto matchfacialfeaturessuchasearsandmouth.A hierarchi-
calstructureof displacedsubdivisionsurfacesis thenconstructedontopof thiscontrol
mesh,approximatingtheinput geometrywith increasingprecisionup to thesampling
resolutionof the input data. Figure9.2 shows this constructionprocessfor onehead
model.
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Figure9.3: Headmodelrenderedasstandardtrianglemesh(left, 2030triangles)and
displacedsubdivisionsurfaceon thatmesh(right, 2 re�nementlevels)

The subdivision surfacein this caseis constructedusing the Modi�ed Butter�y
subdivisionscheme[ZSS96].Sincethisis aninterpolatingscheme,displacingavertex
of the subdivision control meshcorrespondsdirectly to the local changeof the limit
surface.In thefacialanimationsystem,thecoarseskinmeshservesasthecontrolmesh
for the subdivision surface,andcanbe ef�ciently animated.The level of detail for
renderingthegeometryis controlledseparatelyby choosingthere�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 thecurrentimplementation,thealgorithmdoesnot achieve
real-timeframerates,but deliversabouttwentyframespersecondon a1.7GHzXeon
PC. A comparisonof the standard,coarsefacemeshrenderedusing plain OpenGL
with a subdividedmeshis shown in Figure9.3.

9.3 Dynamic Geometr y Re�nement

Insteadof constructinga full subdivisionsurface,increasedsmoothnessof thecoarse
trianglemeshfor renderingcanalso be achieved by addingonly local re�nements.
In my approach,re�nementsare dynamically introducedto the triangle meshas it
deforms. Trianglesaresplit in a fashionsimilar to oneor two stepsof Loop subdi-
vision [Loo87], but only in thoseareaswherethe meshis highly deformed. Since
thesere�nementsareusedfor renderingonly andcanbe easilycomputedon the �y ,
theoriginal trianglemeshis not changed.This is advantageousfor two reasons:�rst,
theapplicationdoesn't have to dealwith dynamicmeshconnectivity, makingintegra-
tion into theexisting systema simpleplug-in operation.Second,there�ned triangles
arenot retainedbetweenrenderedframes,so additionalmemoryusageis kept to a
minimum.Figure9.4showstheintegrationinto thefacialanimationsystem.

Themethodis basedonanexplicit reformulationof recursiveadaptivere�nement,
whichconceptuallycanbeoutlinedasfollows:
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refine(region r):
c := curvature(r)
if (c > threshold)

subdivide(r, c)
for all sub-regions s in r

refine(s)
else

draw(r)

Even if the tail recursionis �attened by transformationinto a loop, two cost factors
remain: the curvaturehasto be evaluatedmultiple timeson the initial region (albeit
onsmallerandsmallerparts),andthechangescausedby asubdivisionstephave to be
storedin thegeometrybeforethesubregionscanbe examined(or temporarystorage
mustbeallocatedpersubregionon eachlevel of recursion).

By evaluatingthecurvatureonly once,thesecostscanbeminimized.Basedonthe
outcome,up to two re�nementsareperformedin onestep,thuseliminatingtheneed
for storingthealteredgeometryfor furtherevaluation:

refine(region r):
c := curvature(r)
if (c > threshold)

region s = subdivide1or2 (r, c)
draw(s)

else
draw(r)

In the implementation,the re�nement procedureis appliedto the trianglemeshjust
beforerendering,asshown in Figure9.4. Eachedgeof the given deformedmeshis
examinedto decidewhetherit shouldbesplit into two or moreparts,causingsubdi-
vision of the adjacenttriangles. It is assumedthat the quality of the triangulationof
theundeformedmeshis appropriatefor visualization.Thereforeanedgeneedsto be
split only if the curvatureof thesurroundingmeshregion hasincreasedduringmesh
deformation.As a simpleandef�cient test,I usethedot productbetweenthevertex
normalsat both endsof an edge. If this scalarvaluedropsbelow the valuethat has
beenprecomputedfor theundeformedfacegeometry, thereis more“bending”andthe
edgeis markedfor splittingonceor twice(seeFigure9.5),dependingonthedifference
of thedot products.

deformed meshspring mesh refined mesh renderinginitial geometry

Figure9.4: Overview of thephysics-basedfacial animationsystemwith dynamicre-
�nement module.Without affectingtheinternalstateof thesimulationor thetriangle
meshitself, re�nementsarecomputedfrom thedeformedmeshandpassedto theren-
deringengine.
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Figure9.5: Examplesfor split con�gurations

The splitting criterion only usesthe vertex normalsof the existing nodesin the
mesh.Morecomplex criteriacanbeusedaswell, for instance,measuringdiscretecur-
vatureon themesh[Tau95].Thevertex normaldot producthasprovento besensitive
to thekind of deformationsthatoccurin facial animation(seeFigure9.7). Addition-
ally, the criterion hasthe advantageof extremely low evaluationcost,provided that
vertex normalshave beencomputedbefore.

Using the new degreesof freedomprovided by the split vertices,a smootherre-
triangulationapproximatingthe input meshis computed.For the smoothing,simple
local rulesareusedthatborrow from thesubdivisionidea[KHS01a, KHS02]. No new
verticesaregeneratedin the interior of an original triangle,thusavoiding evaluation
of new interioredgesandkeepingthenumberof possiblenew triangulationsmanage-
able. Theretriangulationis ef�ciently createdby a tablelookupoperation,asshown
in Figure9.6. The resultingtriangleset is thenrenderedinsteadof the original tri-
angle,while unsplit trianglesarerenderedasusual. Sincethe computedre�nements
arenot insertedinto the input mesh,undoingre�nementsis not necessary. Also, no
informationaboutsplits is retainedbetweenframes.

In practice,integration of dynamicre�nement into the facial animationsystem
resultsin no noticeabledifferencein performance.This is not surprising,sincethe
computationalload is mainly causedby the evaluationof thephysicsmodelandnot
by therenderingstage.Figure9.7showsadetailof thedeformedmouthregionduring
animation.Therenderedmeshis visibly smoothed,with reducedshadingartifactsand
animprovedsilhouetteof theopenedmouth.

9.4 Discussion

Theresolutionof theoriginal meshis quitesuf�cient for facial animationin desktop
applications,with theexceptionof well-de�ned facial wrinkles. Goodresultsareob-
tainedhereusinghardware-supported,computationallycheapshadingtechniques.For
close-upsof highly deformableregionssuchasthemouth,localdynamicmeshre�ne-
mentcan increasethe surfacesmoothnesssigni�cantly, and thushasa usein these
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Figure9.6: A split triangleis re-triangulatedfor renderingusinga lookuptable.Each
split con�gurationcorrespondsto 1 of 27 possiblecombinations.
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Figure9.7: Snapshotsfrom animationof a facemesh.Left: staticmesh(2030trian-
gles).Right: dynamicallyre�ned mesh(2030-3120triangles).
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cases.This methodhastheadditionaladvantagesof very simpleintegrationinto the
animationsystemandlow computationaloverhead.For thefuture,theuseof displaced
subdivision surfacesprobablyhasthe most potential,especiallyoncethesesurface
typesaresupportedin hardware.Currently, usingsubdivision surfacesimplemented
in software,the systembecomessigni�cantly slower andcanassuchnot be usedin
real-timeapplications.Still, usingdisplacementsallows for geometricrepresentation
of very �ne surfacedetail,whichcanbesimulatedonly to a limited degreeusinghard-
warebumpmappingandsimilar techniques.Also, by adjustingthere�nementlevel of
a subdivision surface,renderingperformanceandquality canbe elegantly balanced.
Thisenablesadaptationto theneedsof theapplicationaswell asto thecomputational
powerof theavailablehardware.
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Conc lusion

Your face,mythane,is asa book,where menmayreadstrangematters.
– William Shakespeare

In this dissertation,I have describeda virtual headmodelwith anatomicalstructure.
Themodelis animatedin aphysics-basedmannerby useof musclecontractionsthatin
turncauseskindeformations,wherethesimulationis ef�cient enoughto achievereal-
time framerateson currentPC hardware.Manualconstructionof sucha structured
headmodelisadif�cult task,whichisavoidedin my approachbyderiving new models
from a prototype,employinga deformationmethodthat reshapesthe completehead
structure.Withoutadditionalmodelingtasks,thisresultsin animmediatelyanimatable
virtual head. The generaldeformationmethodallows for several applications,�rst
andforemostadaptationof a referenceheadmodelto individual scandatato produce
animatedheadmodelsof real persons.The deformationmethodis basedon facial
featurepoints,which leadsto otherinterestinguseswhenananthropometricstandard
setof facial landmarksis chosen:I havepresentedalgorithmsfor simulationof human
headgrowth andreconstructionof a facefrom askull.

Thefacial modelingandanimationsystemis usedin teachingat theMax-Planck-
Institut für Informatik and provides a solid foundation for further exploration of
many relatedresearchareas,someof which are currently investigatedin coopera-
tion with other facultiesof the Universiẗat Saarbr̈uckenandaf�liated researchinsti-
tutions. Namely, thesearetheInstitut für Computerlinguistik(speechanimation)and
the Institut für Rechtsmedizin(facereconstructionfrom skull data)at theUniversiẗat
Saarbr̈ucken,andtheDeutschesForschungszentrumfür künstlicheIntelligenz(emo-
tional animationwith synthesizedspeech).

The methodsandtechniquesdescribedaredemonstratedon humanheadmodels
in this dissertation.It is alsofeasibleto usethemfor other typesof creatures,with
few modi�cations in the constructionprocess.For a dragonhead,suchasshown in
Figure10.1,ahumanskull is certainlyill-suited to “real” dragonanatomy. A matching
skull modelcanbehand-crafted,or createdasanoffsetsurface,obtainedby cuttingup
andsimplifying theinputskinmesh.Layingoutthemusclesusingtheinteractivetools
describedin Section7.5,aprototypefor theclassof dragonmodelsisconstructed.This
canthenbeusedto generatea family of variousdragon-shapedheads.

Sinceespeciallythe animationpart of this work is hard to reproducein printed
form, I' d like to point the reader to 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 expression;sadexpression.

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

10.1 Future Directions

Dealingwith suchcomplex subjectmatterasthe shapeanddynamicsof the human
face,I have by necessityfocusedon certainaspectsof facialmodelingandanimation,
andneglectedothers.Concentratingon theopenproblems,therearemany opportuni-
tiesfor directimprovementsaswell asbroaderissuespresentingchallengingresearch
topics. Judgingfrom theexperiencewith thecurrentsystem,the mostobviousareas
for near-termfuturework are:

Skin simulation: The systemis decidedlygearedtowardsreal-timeanimationand
thushasarelatively simpleskinmodel.Only elasticpropertiesareincluded,and
thechangesin dynamicbehavior of, for instance,old people'sskinhavenotbeen
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investigated.Also,accurateformationof wrinklesin geometryis not includedin
theskinmodel.Effectiveformulationof amorecomplex skinstructurerequires
ef�cient numericalsimulation. Advancedintegrationschemescould pave the
wayfor animprovedskinmodel.

Collisions: Collisionsof theskin with itself andotherpartsof themodelarevital for
reproductionof someeffects,for instance,pressingthe lips togetheror having
(literally) the tonguein cheek.While collision detectionmainly raisesperfor-
manceissues,properreactionin a runningsimulationis a dif�cult problem.

Animation control: Lifelike facial motionhasmany nuancesthatareextremelydif-
�cult to put togetherby hand. The simple tracking mechanismsintroduced
in Chapter5.3 alreadyadd substantiallyto the naturalnessand credibility of
speechanimation.Re�nementof the trackingtechniquesshouldallow for de-
tailed analysisof the componentsof expressive animation,leadingto insights
that canbe usedto improve animationresults. Animation experimentscanbe
easilyperformedwith thecurrentsystem,allowing postulationandveri�cation
of workinghypotheses.Somestepsin thisdirectionhave alreadybeentakenby
researchers[LBB02, LM99, TW90].

Facial components: The existing facial componentseyes,teeth,andtongueareim-
plementedusing rathersimple geometricentities. Especiallythe eye models
deserve improvementwith respectto a betterintegration into the face. From
lifelong experiencewith looking at other peoples'eyes, any observer senses
immediatelywhen the eyes arenot perfectlyembeddedor the eyelids do not
smoothlyblendinto thefacial skin. An importantpartof theheadmodelthat is
completelymissingsofar is hair. This is avasttopic thathasit' sown dedicated
researchcommunitywithin computergraphics[MTHK00].

Rendering: In this work, the skin shadingis essentiallyrestrictedto texturing with
hardware-acceleratedbump mapping. For highly realistic renderingof facial
skin, effectssuchasself-shadowing, subsurfacescattering,andanisotropicre-
�ection propertiesof skin mustbe takeninto account.High-quality rendering
algorithmshave traditionallybeentoo expensive for real-timeapplications,but
therapidprogressin graphicshardwarepromisesa steepincreasein achievable
realismin thisareain thenearfuture.

In a broaderview, oneof the recurringproblemsin building any discretemodelof a
real-worldobjectis theuseof approximationsandunknownvariables.Theastonishing
complexity in detail thatone�nds whentakinga closerlook at thehumanfaceseems
to renderany attemptat realisticsimulationfutile. Anotherlimiting factor is thelarge
amountof unknowns in facial anatomyanddynamics. Currentmedicalknowledge
doesnot allow detailed,completespeci�cationof the changesin a moving face,for
instance,the exact contractionbehavior of a muscle. Given this seeminglydesolate
situation,I still hopeto have demonstratedwith thiswork how evenasystemworking
underreal-timeconstraintscanpro�t from a modelbuilt on closeexaminationof the
realworld. With thecurrentstateof physics-basedfacial animation,maybethemost
importantand interestingquestionat this point is: which modelimprovementshave
a signi�cant visual impact? For instance,is it reasonableto extenda musclemodel
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to includeadvanceddynamics,or will the resultsimply not bevisible? An answerto
this questionrequiresextensive studiesof all aspectsof the systemfrom anatomical
modeling,over numericalsimulation,to renderingandperceptionalissues.

10.2 Outlook

Thinking further, a realisticheadmodel is just one,albeit vital, part of a believable
virtual character. Thecombinationof headandbodyis alogicalprogression,but again
a non-trivial task: for instance,body languageandfacial languagearecloselyrelated
andmustbe choreographedproperly to achieve a believablepersonality. Interaction
betweenbodypartsandthehead(suchaswiping one'sbrow) mustbesupported.Once
a virtual characteris established,communicationbetweenmultiple characterscanbe
modeled,enablingsocialactivities andvirtual societies.In the realmof humancom-
munication,trusthasakey role,andonly truly believablecharacterswill beconsidered
trustworthy. Sincemostessentialcommunicationin daily life is faceto face,we come
full circleat thispoint: realisticfacialmodelingandanimationis acornerstonefor real,
naturalcommunicationin avirtual space.Thetopicwill continueto provide many re-
searchchallengesfor quitesometime into thefuture,but asthesayinggoes:“The joy
is in thejourney.”
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andY. I. H. Parish. SimulatingFacial Surgery usingFinite Element
Methods. In Proc. ACM SIGGRAPH1996, ComputerGraphicsPro-
ceedings,Annual ConferenceSeries,pages421–428.ACM Press/
ACM SIGGRAPH,1996.



138 BIBLIOGRAPHY

[KGPG96] E. Keeve, S. Girod, P. Pfei�e, andB. Girod. Anatomy-BasedFacial
TissueModeling Using the Finite ElementMethod. In IEEE Visual-
ization'96, pages21–28.IEEEComputerSocietyPress,October1996.

[KHS01a] K. Kähler, J. Haber, and H.-P. Seidel. DynamicRe�nementof De-
formableTriangleMeshesfor Rendering.In Proc.ComputerGraphics
International2001, pages285–290,2001.

[KHS01b] K. Kähler, J. Haber, andH.-P. Seidel. Geometry-basedMuscleMod-
eling for Facial Animation. In Proc. GraphicsInterface2001, pages
37–46,2001.

[KHS02] K. Kähler, J. Haber, andH.-P. Seidel. Dynamicallyre�ning animated
trianglemeshesfor rendering.TheVisual Computer, 19(5):310–318,
2002.

[KHS03] K. Kähler, J. Haber, andH.-P. Seidel. ReanimatingtheDead:Recon-
structionof Expressive Facesfrom Skull Data. ACM Transactionson
Graphics, pages564–561,July2003.

[KHYS02] K. Kähler, J.Haber, H. Yamauchi,andH.-P. Seidel.Headshop:Gen-
eratinganimatedheadmodelswith anatomicalstructure.In ACM SIG-
GRAPHSymposiumonComputerAnimation, pages55–64.ACM SIG-
GRAPH,July2002.

[KLP76] W. Kahle,H. Leonhardt,andW. Platzer. Taschenatlasder Anatomie.
Thieme,1976.

[KMMTT91] P. Kalra, A. Mangili, N. Magnenat-Thalmann,and D. Thalmann.
SMILE: a MultilayeredFacialAnimationSystem.In T. L. Kunii, edi-
tor, Modelingin ComputerGraphics. Springer, 1991.

[Koe02] R. Koenen,editor. Overview of the MPEG-4 Standard. http://
www.cselt.it/m peg/ stan dar ds/m peg- 4/mpeg- 4.h tm,
March2002.

[KP00] S.A. King andR.E.Parent.A ParametricTongueModelfor Animated
Speech.In Proc.ComputerAnimationandSimulation2000, pages3–
13,2000.

[KPO00] S.A. King, R. E. Parent,andB. Olsafsky. An Anatomically-Based3D
ParametricLip Model to SupportFacialAnimationandSynchronized
Speech.In Proc.Deform2000, pages7–19,2000.

[Kro46] W. M. Krogman.Thereconstructionof theliving headfrom theskull.
FBI LawEnforcementBulletin, July1946.

[KS98] J. Keener and J. Sneyd. Mathematical Physiology, chapter 18.
Springer, 1998.

[Lai00] J.Lai, editor.Conversationalinterfaces.Communicationsof theACM,
43(9):24–73,2000.



BIBLIOGRAPHY 139

[Las87] J.Lasseter. Principlesof traditionalanimationappliedto 3D computer
animation.In ComputerGraphics(Proc.ACM SIGGRAPH87), pages
35–44,1987.

[Las95] J.Lasseter, director.Toy Story.DVD, Walt Disney HomeVideo,1995.
ASIN: B000059XUT.

[LBB02] S.P. Lee,J.B. Badler, andN. I. Badler. EyesAli ve.ACM Transactions
on Graphics, 21(3):637–644,July2002.

[LBV93] G. V. Lebedinskaya,T. S. Balueva, andE. V. Veselovskaya.Forensic
Analysisof theSkull, chapter14: Principlesof FacialReconstruction,
pages183–198.Wiley-Liss,1993.

[LM99] J. C. LuceroandK. G. Munhall. A modelof facial biomechanicsfor
speechproduction.J. Acoust.Soc.Am., 106(5):2834–2842, November
1999.

[LMH00] A. Lee,H. Moreton,andH. Hoppe.Displacedsubdivisionsurfaces.In
Proc. ACM SIGGRAPH2000, ComputerGraphicsProceedings,An-
nualConferenceSeries.ACM Press/ ACM SIGGRAPH,2000.

[LMT00] W.-S.LeeandN. Magnenat-Thalmann.FastHeadModelingfor Ani-
mation. ImageandVision Computing, 18(4):355–364,2000.

[Loo87] C.T. Loop.SmoothSubdivisionSurfacesBasedonTriangles.Master's
thesis,Universityof Utah,Departmentof Mathematics,1987.

[LP87] J. P. Lewis andF. I. Parke. Automatedlipsynchandspeechsynthesis
for characteranimation. In Proc. HumanFactorsin ComputingSys-
temsandGraphicsInterface'87, pages143–147,1987.

[LSZ01] Z. Liu, Y. Shan,andZ. Zhang. Expressive ExpressionMappingwith
Ratio Images. In Proc. ACM SIGGRAPH2001, ComputerGraphics
Proceedings,AnnualConferenceSeries,pages271–276.ACM Press/
ACM SIGGRAPH,2001.

[LTC99] A. Lanitis,C.Taylor, andT. Cootes.ModelingtheProcessof Ageingin
FaceImages.In Proc.7thIEEEInternationalConferenceonComputer
Vision, volumeI, pages131–136.IEEEComputerSocietyPress,1999.

[LTW95] Y. Lee,D. Terzopoulos,andK. Waters.RealisticModelingfor Facial
Animations.In Proc.ACMSIGGRAPH1995, ComputerGraphicsPro-
ceedings,AnnualConferenceSeries,pages55–62.ACM Press/ ACM
SIGGRAPH,August1995.

[LWCS96] S.Lee,G.Wolberg,K.-Y. Chwa,andS.Y. Shin.Imagemetamorphosis
with scatteredfeatureconstraints.IEEE Transactionson Visualization
andComputerGraphics, 2(4),December1996. ISSN1077-2626.

[LWMT99] W.-S.Lee,Y. Wu, andN. Magnenat-Thalmann.CloningandAging in
aVR Family. In IEEE Virtual Reality, March1999.



140 BIBLIOGRAPHY

[MC96] S.MichaelandM. Chen.The3D reconstructionof facialfeaturesusing
volumedistortion. In Proc.14thEurographicsUK Conference, pages
297–305,1996.

[MGR00] S.Marschner, B. Guenter, andS.Raghupathy. ModelingandRender-
ing for RealisticFacial Animation. In RenderingTechniques2000:
11th EurographicsWorkshopon Rendering, pages231–242.Euro-
graphics,2000.

[ML74] W. J.MooreandC. L. B. Lavelle. Growthof theFacial Skeletonin the
Hominoidea. AcademicPress,London,1974.

[MMT97] L. MoccozetandN. Magnenat-Thalmann.Dirichlet Free-Form Defor-
mationsandTheirApplicationto HandSimulation.ComputerAnima-
tion '97, June1997.

[MTHK00] N. Magnenat-Thalmann,S. Hadap,andP. Kalra. Stateof the Art in
Hair Simulation. In InternationalWorkshopon HumanModelingand
Animation, 2000.

[MWL + 99] S.R. Marschner, S.H. Westin,E. P. F. Lafortune,K. E. Torrance,and
D. P. Greenberg. Image-basedBRDF MeasurementIncludingHuman
Skin. In EurographicsRenderingWorkshop1999. SpringerWein /
Eurographics,June1999.

[MYIS95] S. Miyasaka,M. Yoshino,K. Imaizumi, andS. Seta. The computer-
aidedfacial reconstructionsystem.ForensicScienceInt., 74(1-2):155–
165,1995.

[NN01] J. Noh andU. Neumann.ExpressionCloning. In ACM Transactions
on Graphics2001, pages277–288,July 2001.

[Par72] F. I. Parke.Computergeneratedanimationof faces.In Proceedingsof
theACM annualconference, pages451–457,1972.

[Par74] F. I. Parke. A ParametricModel for HumanFaces.Technicalreport,
Universityof Utah,SaltLakeCity, Utah,1974.

[Par82] F. I. Parke. ParameterizedModelsfor FacialAnimation. IEEE Com-
puterGraphicsandApplications, 2(9):61–68,November1982.

[PB81] S. M. PlattandN. I. Badler. AnimatingFacialExpressions.In Com-
puterGraphics(Proc. ACM SIGGRAPH81), pages245–252,August
1981.

[Pel91] C. Pelachaud.Communicationand Coarticulation in Facial Anima-
tion. PhDthesis,Universityof Pennsylvania,1991.

[PHL+ 98] F. Pighin, J. Hecker, D. Lischinski, R. Szeliski, and D. H. Salesin.
SynthesizingRealisticFacialExpressionsfrom Photographs.In Proc.
ACM SIGGRAPH1998, ComputerGraphicsProceedings,Annual



BIBLIOGRAPHY 141

ConferenceSeries,pages75–84.ACM Press/ ACM SIGGRAPH,July
1998.

[PRZ92] S. Pieper, J. Rosen,and D. Zeltzer. Interactive graphicsfor plastic
surgery:A task-levelanalysisandimplementation.In 1992Symposium
on Interactive3D Graphics, volume25,pages127–134,March1992.

[PTVF92] W. H. Press,S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery.
NumericalRecipesin C: TheArt of Scienti�c Computing. Cambridge
UniversityPress,Cambridge,Massachusetts,2ndedition,1992.

[PW96] F. I. ParkeandK. Waters,editors. ComputerFacial Animation. A K
Peters,Wellesley, Massachusetts,1996.

[PWWH86] A. Pearce,B. Wyvill, G. Wyvill, andD. Hill. Speechandexpression:
A computersolution to faceanimation. In Proc. GraphicsInterface
'86, pages136–140,May 1986.

[Ras78] G. Rassner. Atlas der Dermatologieund Venerologie. Urban &
Schwarzenberg, 1978.

[RC80] J.S.RhineandH. R. Campbell.Thicknessof facial tissuesin Ameri-
canblacks.Journal of ForensicSciences, 25(4):847–858,1980.

[RM84] J.S.RhineandC. E.Moore.Tablesof facial tissuethicknessof Amer-
icanCaucasoidsin forensicanthropology. MaxwellMuseumTechnical
Series, 1, 1984.

[Rus92] P. Russell. Imageprocessingoffers hopein the searchfor missing
children.AdvancedImaging, 1992.

[SF00] A. Szunyoghy and G. Feh́er. Menschliche Anatomiefür Künstler.
Könemann,Köln, 2000.
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A P P E N D I X A

Glossar y of Medical Terms

This appendixlists anatomical,anthropometric,anda few generalmedicaltermsthat
areusedin themaintext. For sometermsthathaveabroadergeneralmeaning,herethe
explanationmostcloselyrelatedto headanatomyis given. Namesof facial muscles
areonly includedin the form of commonsynonymsto thenameusedin this text. A
completedescriptionof the musclesreferencedin this dissertationcan be found in
Chapter4. A list of namesfor facial landmarksis givenin Figure8.1(Section 8.2).

anatomy the study of structuresof the body and their rela-
tionships

anterior in front

aponeurosis any of the deeperand thicker ! fasciathat attach
musclesto bones;similar to a �attenedtendon

auricle theexternalear

caninus syn.levatorangulioris

cartilage translucent,elastictissue;syn.gristle

cephalic pertainingto thehead

collagen proteinfoundin ! connectivetissue,for instancein
theskin

compressornaris syn.nasalis

connectivetissue tissuethatholdsdifferentstructurestogether

corium syn.! dermis

coronalplane syn.! frontal plane

cranial pertainingto theskull

depressorangulioris syn.triangularis

dermal relatedto thedermis

dermis syn. ! corium; layerof theskin lying immediately
below theepidermis;dividedinto thepapillarylayer
andthe! reticularlayer

elastin a proteinthatis �e xible andelasticwhenmoist,but
brittle whendry

epicranial aponeurosis syn.galeaaponeurotica
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epidermis top layer of the skin, composedof several strata
(! stratum)

epithelium,epithelialtissue closelyaggregated,tightly adherentcellswith very
little substancebetweenthem;commonlyfoundon
thesurfacesof thebodyandorgans

fascia a band or sheetof �brous tissuewhich connects
musclesandskin

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

frontalplane planethat lies at right anglesto both the ! median
planeandthe ! transverseplane;dividesthe head
into front andbackparts

groundsubstance ! matrix; amorphousgel-like substancethat �lls
thespacebetweentheelementsof the! dermis

helix theincurvedmargin or rim of theexternalear

horizontalplane syn.! transverseplane

hypodermis syn.! subcutis

keratin a protein that is the primary componentof the
! epidermis

lateral away from themiddle,towardstheoutside

malar bone syn.! zygomaticbone

matrix intercellularmaterial

medial towardsthemiddle,or inside

medianplane verticalplanethatdividestheheadinto left andright
halves

melanin blackpigmentfoundin thepigment-bearingcellsof
theskin

mucousmembrane membranewhich linespassagesandcavities which
communicatewith theexterior, habituallysecreting
! mucus

mucus a viscid �uid secretedby ! mucousmembranes,
whichservesto moistenandprotect

perioral in theareaaroundthemouth

physiology thestudyof thefunctionsof thebodystructures

posterior behind,towardstherear

quadratuslabii inferioris syn.depressorlabii inferioris

reticular forming anetwork

reticular layer layerof denseconnective tissueforming thedeeper
partof the! dermis
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sagittalplane any planeparallelto the! medianplane

sebaceousgland small! subcutaneousgland,whichsecretesanoily
semi�uid matter, composedmostlyof fat

sebum fatty substance,secretedfrom a! sebaceousgland

septum dividing partitionbetweentwo tissuesor cavities

squamous coveredwith, or consistingof, scales;scale-like

strati�ed layered

stratum layer of the skin; eachstratumhasdifferent func-
tions

subcutis layerof connective tissuebeneaththedermis

subcutaneous beneaththeskin

supraorbital ridge syn.superciliaryarch

tendinous pertainingto a tendon

transverseplane syn. horizontal plane, at right angleswith the
! medianplane; divides the headinto upperand
lowerparts

vertex thetop,or crown, of thehead
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