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Abstract

Facialreconstructionfor postmortemidenti�cation of humansfrom
theirskeletalremainsis achallengingandfascinatingpartof foren-
sic art. The former look of a facecan be approximatedby pre-
dicting andmodelingthe layersof tissueon the skull. This work
is as of today carriedout solely by physical sculptingwith clay,
whereexperiencedartistsinvest up to hundredsof hoursto craft
a reconstructedfacemodel. Remarkably, oneof themostpopular
tissuereconstructionmethodsbearsmany resemblanceswith sur-
face�tting techniquesusedin computergraphics,thussuggesting
thepossibilityof atransferof themanualapproachto thecomputer.
In this paper, we presenta facial reconstructionapproachthat �ts
ananatomy-basedvirtual headmodel,incorporatingskin andmus-
cles,to a scannedskull usingstatisticaldataon skull / tissuerela-
tionships.The approachhasmany advantagesover the traditional
process:a reconstructioncanbecompletedin aboutanhour from
acquiredskull data; also, variationssuchas a slenderor a more
obesebuild of themodeledindividual areeasilycreated.Lastnot
least,by matchingnot only skin geometrybut alsovirtual muscle
layers,an animatableheadmodelis generatedthat canbe usedto
form facial expressionsbeyond the neutralfacetypically usedin
physicalreconstructions.
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1 Intro duction

1.1 Background

For well over a hundredyears,forensicart andsciencehasbeen
assistinglaw enforcement.Oneof the major areasof concernin
this areais facial reconstructionfor postmortemidenti�cation of
humansfrom their physical remains. Manual reconstructionand
identi�cation techniquesbuild on the tight shaperelationshipsbe-
tweenthehumanskull andskin: for instance,thepresumedidentity
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Figure1: Reconstructionof a facefrom theskull: a) scanningthe
skull; b) skull meshtaggedwith landmarks;c) skinmeshwith mus-
cles�tted to theskull; d) texturedskinmesh,smilingexpression.

of amurdervictim canbecon�rmedby superimposingafacialpho-
tographwith a properlyalignedandsizedimageof theskull. If no
photographis available,thelook of thefacecanbereconstructedto
acertaindegreeby modelingthemissingtissuelayersdirectlyonto
theskull or aplastercastmadefrom it.

The�rst documentedcaseusingthree-dimensionalfacialrecon-
structionfrom the skull datesbackto 1935[Taylor 2001]. A key
experimentwas later performedby KROGMAN [1946]: given the
body of a deceasedperson,he took a pictureof the cadaver head
beforeextracting the skull. The skull wasprovided to a sculptor
alongwith informationaboutsex, origin, andageof thelateowner,
plus dataon the averagetissuethicknessesat several positionsin
theface.Fromthismaterial,a reconstructionsculpturewascreated
thatcouldbecomparedto theoriginalhead.Sincethattime, three-
dimensionalfacial reconstructionfrom the skull has beenmuch
re�ned, but the methodhasessentiallyremainedthe same. Re-
searchershave examinedtheskull / skin relationshipsfor different
ethnicgroups[Lebedinskayaet al. 1993] andanalyzedthe corre-
spondencesof skull morphologyandfacial features[Fedosyutkin
andNainys 1993]. Othersfound correlationsbetweenmuscleac-
tivity andskull shape[Moore andLavelle 1974;Weijs andHillen
1986]. In her comprehensive textbook, TAYLOR [2001] describes
thecraft in greatdetail.

Much of the fascinationof the topic is dueto thecombinedef-
forts of scienceandart, resultingin oftenastonishinglylifelik e re-
constructions,given the little available input (seeFig. 2). Many
parametersof the outward appearanceof an individual cannotbe
readilyderived from theskull, though. Theprocessis thushighly
dependenton rulesof thumb,theexperienceof theartist,andsome
guesswork. It is, for instance,next to impossibleto reconstructthe
shapeof the earsbasedon scienti�c reasoning,althoughempiri-
cally thereseemsto bea relationof earheightto the lengthof the
nose.

1.2 The Manual Reconstruction Process

The traditionalwork processfor facial reconstructionbegins with
preparationof theskull. Sincetheskull is oftenevidencein acrim-
inal case,greatcareneedsto be taken in handlingit: someparts
areextremelythin andfragile,especiallyin thenoseandtheorbits.
For identi�cation, the teethoften provide a lot of useful informa-



Figure 2: Comparisonof sculpted reconstructionswith pho-
tographs.Left: malesubject;right: femalesubject.(Images:Copy-
right c
 [Helmeretal.1993],reprintedbypermissionof Wiley-Liss,
Inc., asubsidiaryof JohnWiley & Sons,Inc.)

tion, soa dentalanalysisis usuallyperformedat this stage.For the
reconstructionof thelower face,themandibleneedsto beproperly
alignedandsecuredto theskull. In cooperationwith ananthropol-
ogist,andpossiblygivenmoreinformationfrom theremainsof the
victim, anestimationof age,ancestry, sex, andstaturecannow be
obtained.

The actualfacereconstructionproceedswith oneof two avail-
able approaches: the anatomical method and the tissue depth
method. Theanatomicalmethodattemptsreconstructionby sculpt-
ing muscles,glands,andcartilage,�eshing out the skull layer by
layer. This techniqueis moreoften usedin the reconstructionof
fossil faces,whereno statisticalpopulationdataexists [Zollik ofer
etal.1998].As TAYLOR states,thistechniqueis verytimeconsum-
ing, occupying “many hundredsof hours”. It alsorequiresa great
dealof detailedanatomicalknowledge. Therefore,the alternative
tissuedepthmethodhasbecomethe morepopularreconstruction
techniquein law enforcement.Here,standardsetsof statisticaltis-
suethicknessmeasurementsat speci�c pointson thefaceareused.
Eachmeasurementdescribesthetotaldistancefrom skinsurfaceto
theskull, includingfatandmusclelayers.Themethodis thusmore
rapid than the anatomicalmethodand doesnot requireas much
anatomicalknowledge.Suchmeasurementshavebeencollectedfor
malesandfemalesof several racialgroups,usingneedles,X-rays,
or ultrasoundtechniques.Thetissuedepthdatamostoftenusedby
policeartiststodaywascollectedprimarily by RHINE et al. [Rhine
andCampbell1980; RhineandMoore 1984]. The datais sorted
into “slender”,“normal”, and“obese”groups,aswell asby sex and
race.

Given the set of measurements,tissuedepthmarkers are now
placedon the skull or a castmadefrom it, re�ecting the tissue
thicknessat thesamplepoints.Thesemarkersareorientedorthog-
onally to theskull surface,correspondingto thedirectionof thetis-
suethicknessmeasurements.Usingthemarkersandotherfeatures
on the skull for guidance,the faceis modeledon top of the skull
usingclay. A snapshotof thebeginningstagesof a reconstruction
usingthetissuedepthmethodis shown in Fig. 3.

1.3 Our approach

Looking at the facial reconstructionprocessas describedabove
from a computergraphicsperspective, it essentiallyboils down to
a surfaceinterpolationproblem. We thus implementthe manual
“dowel placement”methodasan interactive procedure,obtaining
position and distanceconstraintsthat de�ne the relation between
skin andskull at selectedsamplepositions. The sculptingof the
skin surfaceis mappedto a volumedeformationappliedto a head
modeltemplate,satisfyingtheseconstraints.Thedeformationap-
proachhasthe additionaladvantageof being applicableto addi-
tional structuresattachedto the template:in our system,we map
a musclestructureto the �tted headmodel (seeFig. 1), enabling

animationon the reconstructedheadin a physics-basedfacialani-
mationframework.

The remainderof this paperis organizedas follows: after re-
viewing relatedwork in Section2, we discussacquisitionof skull
dataandinteractive landmarkplacementfor settingupsurfacecon-
straintsin Section3. Section4 describesthestructureof ourgeneric
headmodelandhow it is �tted to theskull. Animationandtexture
generationfor the resultingheadmodelaretoucheduponin Sec-
tion 5. We presentexamplesin Section6 and draw conclusions
from our resultsin Section7.

2 Previous and Related Work

2.1 Computer-Aided Face Reconstruction

Perhapsdueto thelack of rigid taxonomiesandhardrules,theuse
of computersandcomputergraphicsin this forensicapplicationis
still very limited. The proceduresdescribedabove cannotbe cast
easilyinto acomputerprogramthatproducesgoodresultsin anau-
tomatedmanner—theexperienceandjudgmentof thepractitioner
remainavital partof thesystem.

In law enforcementpractice, computer-aided techniquesre-
strict to relatively simple image and video manipulation: face
photographsare used for skull superimposition[Grüner 1993;
Miyasakaet al. 1995],while imagewarpingandretouchingenable
a basicsimulationof aging [Taylor 2001,p. 253]. This situation
is unfortunate,sincethe traditional three-dimensionalfacerecon-
structionprocessis extremely time-consumingand expensive. It
is hardly feasibleto producea varietyof differentplausiblerecon-
structionsfrom oneskull, simplydueto theeffort thathasto beput
into the creationof eachmodel. Also, repeatedphysical handling
of theoriginal skull increasestherisk of damage.

Oneprototypicalcomputer-basedfacereconstructionsystem,al-
lowing �tting of a generichierarchicalB-spline headmodel to a
skull mesh,is describedby ARCHER in herMaster's thesis[1997].
The userplacesdowels on a skull model with prescribedtissue
thicknessvalues,resultingin targetsfor a B-splinesurface�tting
process. The interpolationprocessis tricky and requirescareful
preparationof thetemplateheadmodel.

In the approachpresentedby M ICHAEL and CHEN [1996], a
sourceheadmodelHs that includesa skull Ss is deformedusinga
volumedistortionfunctionV suchthat the deformedsourceskull
approximatelymatchesthe target skull St : V(Ss) � St . It is as-
sumedthat the deformedsourceheadmodelV(Hs) bearsa good
resemblanceto the(unknown) targetheadmodel.Thevolumedis-
tortion functionV is setupasa �eld warpusingfourty pairsof disc
�elds, which aremanuallyplacedaroundtheskull. No detailsare
givenabouttheplacementof thesecontrol�elds.

Figure3: Modelingthefacewith clay on top of theskull usingthe
tissuedepthmethod.(Images[Taylor 2001], reprintedby permis-
sion.)



A deformationtechniquesimilar to theoneusedin ourapproach
is employed by VANEZIS et al. [2000]. A facial templatechosen
from a databaseof scannedfacesis deformedto matchthe posi-
tion of targetfacelandmarks,whichhavebeenderivedfrom adding
statisticaltissuethicknessvaluesto the correspondingskull land-
marks.Theresultingreconstructedheadsarenot alwayscomplete
(for instance,the top of theheadis usuallymissing). Theauthors
suggestto exportanimageof thereconstructedheadandto applya
�nal image-processingstepto addeyes,facialandheadhair.

The above methodsrequirea lot of manualassistancein set-
ting up theinterpolationfunction[Archer 1997;MichaelandChen
1996],or rely onadatabaseof headtemplates[Vanezisetal. 2000].
In contrast,we develop reconstructionsfrom one headtemplate
with relatively few markers,anduseadditionalmechanismsto im-
provereconstructionresults(seeSection4.3).Ourapproachalways
generatescompleteheadmodels.Insteadof usinghigher-ordersur-
facesor point samples,the surfaceof our deformableheadtem-
plateis anarbitrarytrianglemesh,simplifying laterartisticmodi�-
cationsof the resultusingstandardmodelingtools. To thebestof
ourknowledge,integrationof expressivefacialanimationis notdis-
cussedby any othercomputer-aidedfacialreconstructionapproach.

Other than explicit treatmentof facial reconstruction,the cre-
ation of virtual headmodelsbasedon humananatomyis well re-
searchedanddocumentedin thecomputergraphicsliterature.Ma-
jor developmentsin thisareaarediscussedin thefollowing section.

2.2 Human Head Mo deling

A varietyof techniquesexiststo createafacemodelfrom imagesor
scandata.In themethodpresentedby LEE etal. [1995],animatable
headmodelsareconstructedsemi-automaticallyfrom rangescans.
A genericfacemeshwith embeddedmusclevectorsis adaptedto
rangescansof humanheads.This processrelieson theplanarpa-
rameterizationof therangescansasdelivered,for instance,by the
Cyberwaredigitizers. PIGHIN et al. [1998] interactively markcor-
respondingfacial featuresin several photographsof an individual
to deforma genericheadmodelusingradial basisfunctions. An-
imation is possibleby capturingfacial expressionsin the process
and blendingbetweenthem. CARR et al. [2001] use radial ba-
sis functionsto generateconsistentmeshesfrom incompletescan
data.Employing a largedatabaseof severalhundredscannedfaces,
BLANZ etal. [1999]areableto createageometricheadmodelfrom
only a singlephotograph.This modelhasthe sameresolutionas
therangescansin thedatabaseandcannotbereadilyanimated.In
the context of medicalimaging,SZELISKI et al. [1996] minimize
the distancebetweentwo surfacesobtainedfrom volumescansof
humanheadsby applyinglocal free-formdeformations[Sederberg
andParry 1986]andglobalpolynomialdeformations.Themethod
doesnot requirespeci�cationof correspondingfeatureson thege-
ometries.

Several facial animationsystemsusean approximationof the
layeredanatomicalstructure.WATERS [1987] representsskin and
musclesasseparateentities,wheremusclevectorsandradialfunc-
tions derived from linear andsphinctermusclesspecifydeforma-
tionsonaskinmesh.In contrastto thispurelygeometrictechnique,
physics-basedapproachesattemptto modelthein�uenceof muscle
contractionontotheskinsurfaceby approximatingthebiomechan-
ical propertiesof skin. Typically, mass-springor �nite elementnet-
works are usedfor numericalsimulation[Platt and Badler 1981;
Lee et al. 1995;Koch et al. 1998]. From an initial trianglemesh,
TERZOPOULOS andWATERS [1990]automaticallyconstructa lay-
eredmodelof thehumanface.Themodelstructureconsistsof three
layersrepresentingthe musclelayer, dermis,andepidermis. The
skull is approximatedasanoffsetsurfacefrom theskin. Free-form
deformationsareemployed by CHADWICK et al. [1989] to shape
theskin in a multi-layermodel,which containsbones,muscles,fat

tissue,andskin. SCHEEPERS et al. [1997] aswell asWILHELMS
andVAN GELDER [1997] introduceanatomy-basedmusclemodels
for animatinghumansandanimals,focusingontheskeletalmuscu-
lature. Skin tissueis representedonly by an implicit surfacewith
zerothickness[WilhelmsandVanGelder1997].

We build our systemon the deformable,anatomy-basedhead
modeldescribedby K ÄHLER et al. [2002]. There,a genericface
meshwith underlyingmuscleandbonelayersis deformedto match
scannedskin geometry. This processis adoptedhereto matchthe
muscleandskin layersto givenskull datainstead.

3 Preparation of the Skull

Our approachusesthree-dimensionalskull dataacquired,for in-
stance,from volumescansandextractionof thebonelayers,or by
rangescanninga physical skull. The testdatausedfor the exam-
plesin Section6 wasacquiredusingbothtypesof scans.To speed
up processing,a trianglemeshof theskull modelcomprisedof 50-
250k polygonsis producedby meshdecimationtechniques[Gar-
land andHeckbert1997]. In general,the original datashouldbe
simpli�ed aslittle aspossiblesinceminutedetailson theskull can
give importantcluesfor thereconstruction.Themeshresolutionis
chosenfor adequateresponsivenessof our interactive skull editor
application.In practice,it is helpful to havetheoriginaldataset(or
thephysicalskull) readyasa referenceduringediting.

In the editor, the skull model is equippedwith landmarks,as
shown in Fig. 4. Pointson the skull surfacearesimply picked to
createa landmark,which can then be moved aroundon the sur-
facefor �ne positioning.Eachlandmarkis associatedwith avector
in surfacenormaldirection,correspondingto the typical direction
of thicknessmeasurements.As canbe seenon the right imagein
Fig.4, someskull / skincorrespondencesarein factnon-orthogonal
to the skull surfacein the areaof the lips. This is correctedfor
at a later stepof the �tting process,as describedin Section4.3.
The landmarkvectoris scaledto the local tissuethickness,which
is looked up automaticallyby the landmark's assignednamein a
tablebasedon RHINE's data(seeSection1.2). Thespeci�c setof
landmarksusedin oursystemis listedin AppendixA.

4 Fitting the Deformable Head Mo del

4.1 Head Mo del Structure

Whentheskull is taggedwith landmarks,it servesasthetargetfor
deformationof thegenericheadmodelshown in Fig. 5. Sincethe
headmodel is usedin a physics-basedanimationsystem,it does

Figure 4: Skull landmarkspeci�cation in the mouth area. Left:
snapshotfromourlandmarkeditor;right: correspondencesbetween
skull andskinmarkers(Imageafter[y'Edynak and�Işcan1993])



a) b) c)

Figure5: Thedeformableheadmodel:a)headgeometrywith land-
marks(bluedots),front view; b) sideview; c) underlyingmuscles
(red)createdfrom layoutgrids(yellow).

not only consistof the visible outergeometry. The encapsulated
structureincludes:

the skin surface representedasa trianglemesh.Themeshresolu-
tion shouldbehighenoughto ensuregood�tting results.Our
templateheadmeshconsistsof 8164triangles.

virtual muscles to control the animation. Eachmuscleis speci-
�ed by a grid laid out on the skin, the actualmuscleshape
beingcomputedautomaticallyto �t underneaththeskin sur-
face. Eachmuscleconsistsof an arrayof �bers, which can
contractin a linear or circular fashion. Our model includes
24 facialmusclesresponsiblefor facialexpressions.Fig. 5(c)
shows themusclelayouton theheadtemplate.

a mass-springsystem connectingskin, muscles,and skull, built
aftertheheadmodelis �tted to theskull. For animation,mus-
clespull atspringnodesattachedto theirsurface,in turncaus-
ing deformationof thespringmeshin theskinsurfacelayer.

landmarks de�ned on theskin surface,asshown in Fig. 5(a)and
(b). Themajorityof theselandmarkscorrespondsto theland-
marksinteractively speci�ed on the skull. Theselandmark
pairscontrolthebasic�tting of theheadstructureasdescribed
in Section4.2. A few additionallandmarksareonly de�ned
ontheskinandareusedfor the�nal adjustmentsof therecon-
structedshapesdiscussedin Section4.3.

Theheadmodelis similar to theonein [K ähleret al. 2002],where
detaileddescriptionsof themusclemodelandanimationapproach
canalsobefound.

4.2 Landmark-Based RBF Deformation

Giventhedeformableheadmodelwith n prede�nedskin landmark
positionspi 2 R3 and the correspondinglandmarkssi 2 R3 (i =
1; : : : ;n) speci�ed on theskull, we setup a spacedeformationthat
�ts theskinandthemusclelayoutto theskull.

The targetskull landmarkshave associatedtissuedepthvectors
di , socorrespondingskin landmarkpositionsqi arede�ned as

qi = si + di :

Theproblemcannow betreatedasoneof interpolation:weneedto
�nd a functionf thatmapsthepi to theqi :

qi = f(pi); i = 1; : : : ;n:

Theunknown functionf canbeexpressedby aradialbasisfunction,
i.e., a weightedlinear combinationof n basicfunctionsf i andan
additionalexplicit af�ne transformation:

f(p) =
n

å
i= 1

ci f i(p) + Rp + t; (1)

wherep 2 R3 is a point in the volume, ci 2 R3 are (unknown)
weights,R 2 R3� 3 addsrotation, skew, and scaling,and t 2 R3

is a translationcomponent.The f i arede�ned by the sourceskin
landmarkpoints. Accordingto BOOKSTEIN [1997], for deforma-
tion of biological solids an approachbasedon thin-platesplines
is favorable. We thus usethe simple biharmonicbasic function
f i(p) :=




 p � pi






2, which minimizesbendingenergy for the de-
formation[Duchon1977].

To remove af�ne contributions from the weightedsum of the
basicfunctions[Pighinetal. 1998;Carretal. 2001],weincludethe
additionalconstraints

n

å
i= 1

ci = 0 and
n

å
i= 1

cT
i pi = 0:

Theresultingsystemof linearequationsis solvedfor theunknowns
R; t, andci usinga standardLU decompositionwith pivoting, to
obtain the �nal warp function f. This function can now be used
accordingto Eq. (1) to transforma point p in thevolumespanned
by the landmarks.We apply f to theskin andmusclecomponents
of thegenericmodelin thefollowing ways:

� Theskinmeshis deformedby directapplicationof the func-
tion to theverticesof themesh.

� Themusclesaretransferredto thenew geometryby warping
their layout grid vertices,followed by recomputationof the
shapeto �t thedeformedskinmesh.

Sinceour landmarksetis comprisedof only 40 landmarks(see
AppendixA), thecomputeddeformationdoesn't properlyalign the
skin to theskull in all places,ascanbeseenin Fig. 6(a). Interac-
tivespeci�cationof morelandmarksputsanundesirableadditional
burdenontotheuser, soadditionallandmarkpairsarecomputedau-
tomaticallyby interpolationbetweenexistingonesontheupperand
backpartof thecranium,aswell ason themandible,asshown in
Fig. 6(b). Thethicknessvalueof aninterpolatedskull landmarkis
alsointerpolated,whereonly suchskull areasarechosenfor land-
markinterpolationwherethetissuethicknessis near-constant.Tis-
suedepthinterpolationwould be problematic,for instance,in the
mid-facearea,wherethicknessvalueschangedrasticallyfrom the
cheekboneto themid-faceregionbelow.

4.3 Additional Reconstruction Hints

The tissuedepthvaluesat the marker positionsde�ne the basic
shapeof thereconstructedhead,assumingdepthmeasurementsbe-
ing alwaysstrictly orthogonalto theskull surface.As mentionedin
Section3, this assumptionis not alwaysvalid. A numberof rules
arethususedin traditionalfacial reconstructionto help locatecer-
tainfeaturesof thefacebasedontheskull shape,employing empiri-
calknowledgeaboutshaperelationsbetweenskinandskull [Taylor

(a) (b) (c)

Figure 6: Fitting stages,shown on the lower face. a) Warp us-
ing only user-speci�ed landmarks(someskull areasstill intersect-
ing theskin); b) with automaticallyinterpolatedlandmarkson the
mandible;c) usingadditionalheuristicsfor lip andnoseshaping.



Figure7: Comparisonof heuristicsusedin traditionalreconstruc-
tion (left) with our graphical interface (right). (Note: different
skulls areusedin the adjoiningimages.)Top: estimationof nose
width; center:positioningof thenosetip; bottom:settinglip width,
height,andmouthcornerposition.

2001].Wehave translatedsomeof theseheuristicsfor usewith the
skull landmarkeditor: the�nal �tting result,asshown in Fig. 6(c),
is obtainedby includingthisadditionaluserinput.

To keeptheuserinterfaceuniform, mostrulesareexpressedby
theplacementof verticalandhorizontalguidesin a frontal view of
theskull. Fromthis userinput, theplacementof a few landmarks
on theskin is adjusted,resultingin a new target landmarkcon�gu-
ration. Theupdatedlandmarksetis usedto computeanotherwarp
function,which deformsthe pre-�tted headmodelin the adjusted
regions.Five rulesin�uence theshapeof thenoseandtheshapeof
themouth,asshown in Fig. 7:

� Thewidth of thenosewingscorrespondsto thewidth of the
nasalapertureat its widestpoint, plus5mmon eithersidein
Caucasoids.In theeditor, theuserplacestwo verticalguides
to theleft andright of thenasalaperture.Fromtheirposition,
thedisplacementof the two al1 skin landmarksplacedat the
nosewingsis computed(cf. Fig. 7, top row).

� Thepositionof thenosetip dependson theshapeof theante-
rior nasalspine. Accordingto KROGMAN's formula [Taylor
2001,p.443],thetip of thenoseis in theextensionof thenasal
spine.Startingfrom thez valueof thetissuedepthmarkerdi-
rectly below the nose(mid-philtrum, seeAppendix A), the
line is extendedby threetimesthe lengthof the nasalspine
(cf. the white and yellow lines in the rightmost image of
Fig. 7, middle row). In the editor, begin andendpointsof
thenasalspinearemarked. Theprn landmarkat thenosetip
is thendisplacedaccordingto theformula.

1see,e.g.,[Farkas1994]for ade�nition of standardfaciallandmarks

� Thewidth of themouthis determinedby measuringthefront
six teeth,placingthemouthangleshorizontallyatthejunction
betweenthe canineand the �rst premolarin a frontal view.
Two verticalguidesareusedfor positioningthech landmarks
locatedat the mouthangles(vertical lines in Fig. 7, bottom
row).

� Thethicknessof the lips is determinedby examiningtheup-
per andlower frontal teeth. Seenfrom the front, the transi-
tion betweenthelip andfacialskin is placedat thetransition
betweenthe enamelandthe root part of the teeth. Two hor-
izontal guidesareplacedby the userat the upperandlower
transition,respectively. This determinestheverticalposition
of theid andsdlandmarksmarkingthelip boundary(topand
bottomhorizontallinesin Fig. 7, bottomrow).

� Thepartingline betweenthe lips is slightly above theblades
of theincisors.This determinestheverticalplacementof the
ch landmarks(middlehorizontalline in Fig. 7, bottomrow).

Using theseheuristics,a betterestimateof the mouthandnose
shapescanbecomputed.Theeffect is strongeston thelip margins,
sincethe assumptionof an orthogonalconnectionbetweencorre-
spondingskin and skull landmarksis in fact not correctat these
sites,astheright partof Fig. 4 shows. Theinitial deformationthus
givesa goodestimateof the tissuethicknessof the lips while the
seconddeformationusingthe informationprovided by interactive
guideadjustmentre�nes theverticalplacementof thelip margins.

5 Facial Expressions and Rendering

In manualfacial reconstruction,a neutralposeof the faceis pre-
ferredasthe most“generic” facial expression.Otherexpressions
couldbehelpful for identi�cation purposes,but thecostof model-
ing separateversionsof the headmodelis prohibitive. In our vir-
tual reconstructionapproach,this doesnot posea problem. Since
the�tted headmodelhastheanimatablestructureof skinandmus-
cles,different facial expressionscanbe assumedby settingmus-
cle contractions,as in other physics-basedfacial animationsys-
tems[Kähleretal.2001;Leeetal.1995].Fig.8showshow muscles
areusedto form differentfacialexpressions.

For a completelyanimatableheadmodel, it is necessaryto in-
cludea separatelycontrollablemandible,a tongue,rotatableeye-
balls, and eye lids into the headmodel. We have decidedlyleft
them out of the reconstructionapproachsincethesefeaturesare
not particularlyuseful in this application:while a modestchange
of expressionsuchasa smile or a frown might aid identi�cation,
rolling of eyes,blinking, andtalking would probablynot. It is also
nearlyimpossibleto correctlyguessdetailssuchasa speci�c way
of speaking—errorsin this respectwould producerathermislead-
ing resultsin arealidenti�cation case.Theeffort of placingtongue,
eye,andpotentiallyteethmodelsthusdoesnotoffsetthebene�ts.

Figure 8: Expressionson the genericheadmodel and the corre-
spondingmusclecon�gurations.



Figure9: Examplesof facial reconstructionscreatedwith our system.Top: modelcreatedfrom a scannedreal skull, showing �t of skin
to skull, transferredmuscles,andtwo facial expressions.Middle: Reconstructionfrom a volumescanof a male,showing the actualface
ascontainedin the data,superimpositionsof the actualandthe reconstructedfacewith the skull, andthe reconstructionwith neutraland
“worried” expression.Bottom: Reconstructionfrom volumescanof a femalewith strongskull deformations.TheCT datasetsdon't contain
thetopandbottomof theheads,thusthesourceskull andfacemodelsarecutoff. Theactualheadheighthadto beguessedin thesecases.

If additionalinformationaboutthemodeledpersonis available,
for instance,from remnantsof hair found with the skull, the re-
sultingmeshcanbecoloredcorrespondingly. Our systemincludes
basiccapabilitiesfor coloring the partsassociatedwith skin, lip,
andeyebrows in the model's texture map. Colorscanbe adjusted
interactively in HSV spaceon the reconstructedheadmodel. Fi-
nally, thecolor adjustmentsaremergedinto a neutralbasetexture
andsavedasa new texturemap. The �tted, texture-mappedtrian-
gle meshcanbe easily importedinto variousrenderingpackages
for display. Theexamplesshown in Fig. 9 show threedifferentskin
colorationscreatedin thisway.

6 Results

Wehavetestedourtechniqueonarealskull thatwasmadeavailable
to usby a forensicinstituteandon two medicalvolumescans.All
datapertainsto individualsof Caucasiantype.Eachreconstruction
requiredapproximatelyanhourof interactivework, excludingtime
for dataacquisition.

The real skull, depictedon the �rst pageof this paper, wasun-
earthedon a constructionsiteandbelongsto anunidenti�ed male,
approximately35yearsof age.As canbeseenfrom theholein the
frontal bone,hewaskilled by a headshot—theownerof this skull

probablywasawarvictim or asoldier. After scanningtheskull, the
resultingmeshwassimpli�ed to 100ktriangles.Interactive place-
ment of skull landmarksand facial featureguideswas relatively
easyin this casesincetheskull is completeandin goodcondition.
Dueto its war-timeorigin, weassumedthefaceto beratherskinny,
so we selectedthe “slender” tissuethicknesstable. Fitting results
canbeseenin Fig.9, toprow. Sincetheactualappearanceof thein-
dividual is unknown, theaccuracy of thereconstructioncanonly be
guessed.Nonetheless,ourreconstructionseemsplausible.Notably,
theshapeof thechin,which canbepredictedfrom thecorrespond-
ing regionon theskull, hasbeenreproducedwell.

To show examplesutilizing otherdatasources,andalsofor val-
idation,we extractedskull andskin surfacesfrom medicalvolume
scans.The �rst dataset,shown in the middle row of Fig. 9, per-
tainsto a malesubjectof roughly 30 years. The subject's faceis
ratherbulky, sowechosethe“obese”tissuethicknessdataset(in a
realcase,this choicewould have to bemadebasedon otheravail-
ableinformationsuchasthe sizeof clothes,if present).Our �rst
reconstructionattemptsshowed a consistentemphasison promi-
nentcheekbonesandhollow cheeks:no matterwhich datasetwe
picked, the facewould becomemorebulky, but not show the ex-
pectedgeneralroundnessof the face. This effect is demonstrated
in Fig. 10 on variationsof our �rst model. A closerexamination



Figure10: Left to right: RHINE's traditional“slender”,“average”,
and“obese”tissuedepthtables(cf. [Taylor 2001,p. 350ff.]) often
resultin hollow cheeksandprominentcheekbones(seealsoFig.9).
Rightmostimage:theshapecanbeimprovedby “bulging out” the
affectedmeshareas.

revealedthat the reasonlies in the relatively low thicknessvalues
RHINE assignedto thelandmarksde�ning thecheekregion (sbm2
andspm2in Table1). After excludingthesetwo landmarks,weob-
tainedtheresultsshown in Fig. 9. Therightmostimagein Fig. 10
shows how simplemeshmodelingtechniquescouldbeusedat this
point to improveandindividualizethereconstruction.

Thesecondvolumedatasetshows a femalepatientwith strong
skull deformations.We produceda reconstructionof this faceto
testthemethodwith a decidedlynon-averageskull shape.There-
sult canbe seenin the bottomrow of Fig. 9. Sinceour automatic
landmarkinterpolationscheme(seeSection4.2)is designedto han-
dle the normalrangeof skull variations,the unusualshapeof the
mandibleresultedin very sparsesamplingof the chin area. An-
otherprominentfeatureof the skull datais the protrusionof one
incisor, pushingtheupperlip to the front. We modeledthis effect
by moving thesd landmarka few millimetersdown ontotheblade
of theincisor, thuspushingtheassociatedskin landmarkforwardas
well. This did not impair thepositioningof theupperlip boundary
sincethis is adjustedseparatelyby themouthguides(cf. Fig. 7).

7 Conclusion and Future Work

The facereconstructionapproachpresentedin this papermirrors
the manualtissuedepthmethodandthushasessentiallythe same
predictionpower. Our resultsshow overall goodreproductionof
facial shapeandproportions,andsomesurprisinglywell-matched
details. It shouldbe notedthat our exampleswere producedby
computerscientistswith no trainingin forensicreconstruction.

The advantagesof the computerizedsolution are evident: in-
steadof weeks,it takes lessthan a day to createa reconstructed
facemodel,includingscanningof theskull. Oncethescandatais
markedwith landmarks,differentvarietiessuchasslimmeror more
obeseversionscanbeproducedwithin secondsat thepushof abut-
ton,which is practicallyimpossiblewith themanualmethoddueto
the vastamountof time neededfor productionof a singlemodel.
Slightvariationsin facialexpressioncanalsobeobtainedquiteeas-
ily by animatingthemusclestructureunderlyingthemodel.

Sincethevirtual reconstructionis basedon3D scans,whichcan
be acquiredcontact-free,the risk of damageto the original skull
is reduced.On the otherhand,the scanningprocesshasinherent
limitations: dependingon the maximumresolutionof the digital
scanner, muchof the �ner detail on the skull is lost. The delicate
structureof, for instance,the nasalspinecannotbe fully captured
with currentscanningtechnology. For this reason,it is necessaryto
consulttheoriginal skull from time to time for reference.

In our experiments,we often found thatsurfacenormalson the
scannedskull geometrydonotalwaysbehave theway they should,
re�ecting theorientationof thesurfaceonly very locally. It might
beusefulto consideranaverageof normalsin a largerareaaround

the landmarkpositionto solve this. Sometimes,it would bedesir-
ableto adjusttheorientationmanually.

Theinteractive systemallows for aniterative reconstructionap-
proach:amodelis producedquickly from agivenlandmarkcon�g-
uration,solandmarkscanbeeditedrepeatedlyuntil thedesiredre-
sult is obtained.Theemphasison theinteractioncomponentmakes
thespeedof the�tting processanimportantissue.While theactual
calculationof the warp function andthe deformationof the mesh
areperformedinstantaneously, about� vesecondsareneededin our
testsettingon a 1.7 GHz PentiumXeonto examineskull andskin
for potentialinsertionof additionallandmarks.This time is for the
largestpartusedfor ray intersectionsof theskull andskin meshes,
which aredonein a bruteforcemanner. We expecta big speed-up
throughtheuseof spacepartitioningtechniques.

For practicaluse,thefacialreconstructionsystemshouldprovide
moreeditingfacilitiesfor skindetailsandhair. Usefuladditionsin-
clude,for instance,achoiceof templatesfor haircutsandfacialfea-
turessuchaseyebrow shapes,beards,andwrinkles. At this point,
large-scalevalidationof thesystemwouldbenecessaryto evaluate
theusabilityof thesystem.

As TAYLOR writesin herbook,thetissuedepthvaluesshouldnot
be taken at facevalue in three-dimensionalfacial reconstruction,
but ratheract as guidesfor the �nal facial reconstruction,which
still reliesheavily on artisticskills andintuition. Our testscon�rm
that strict adheranceto RHINE's datafor the solutionof the inter-
polationproblemis too limiting. This indicatesnot a weaknessin
ourmethod,but re�ects thelow numberof samples(between3 and
37 in eachgroup)andthe technicallimitationsat the time RHINE
assembledhis datatables. Given the currentstateof technology,
moresamplesof higherprecisioncould be acquired,resultingin
muchmorecomprehensive andusabledata.Ultimately, computer-
basedfacialreconstructioncouldthenevenbecomesuperiorto the
traditionalapproach.
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A Landmark Set used for Reconstruction

Table1 lists the pairedlandmarkson skin andskull that areused
for thefacialreconstructionapproachdescribedin thispaper. Most
skull landmarknamesanddescriptionsaretakenfrom[Taylor2001,
page350 ff.]. Shortskull landmarknamesarelisted in the id col-
umn. We have tried to adhereto namingconventionsusedin the
forensicandanthropometricliteratureasmuchaspossible[Taylor
2001;y'Edynakand�Işcan1993;Farkas1994].For simplicity, cor-
respondinglandmarkson skull andskin have thesameshortname
in our system,which is not generallythecasein theliterature.In a
few cases,markedby � in thetable,we inventedshortnames.Not
all skull landmarkshave an “of�cial” counterparton the skin, so
weplacedthecorrespondingskinmarkersusingourown judgment.
Themp landmarkpair is not partof thestandardset. We addedit
to improve the alignmentof skin to skull in the region behindthe
ears,wherethemastoidprocessaddsabulgeto theskull.

name id description
Midline

Supraglabella tr Above glabella,identi�ed with thehairline
Glabella g The most prominent point betweenthe supraorbital

ridgesin themidsagittalplane
Nasion n The midpoint of the suturebetweenthe frontal andthe

two nasalbones
Endof nasals na The anterior tip or the farthestpoint out on the nasal

bones
Mid-philtrum a The mid line of the maxilla (eastandwest),placedas

highaspossiblebeforethecurvatureof theanteriornasal
spinebegins

Upperlip margin
(Supradentale)

sd Centeredbetweenthemaxillary (upper)centralincisors
at thelevel of theCementumEnamelJunction(CEJ)

Lowerlip margin
(Infradentale)

id Centeredbetweenthemandibula(lower)centralincisors
at thelevel of theCementumEnamelJunction(CEJ)

Chin-lip fold
(Supramentale)

b The deepestmid line point of indentation on the
mandiblebetweentheteethandthechinprotrusion

Mentaleminence
(Pogonion)

pog Themostanterioror projectingpoint in themid line on
thechin

Beneath chin
(Menton)

me Thelowestpointon themandible

Bilateral

Frontal emi-
nence

fe� Placeon theprojectionsatbothsidesof theforehead

Supraorbital sci Above the orbit, centeredon the uppermostmargin or
border

Suborbital or Below the orbit, centeredon the lower mostmargin or
border

Endocanthion en point at the inner commissureof the eye �ssure; the
landmarkon theskin is slightly lateralto theoneon the
bone

Exocanthion ex point at the outer commissureof the eye �ssure; the
landmarkon the skin is slightly medial to the one on
thebone

Inferior malar im Thelowerportionof themaxilla,still on thecheekbone
Lateralorbit lo Drop a line from theoutermargin of theorbit andplace

themarkerabout10mm below theorbit
Zygomatic arch,
midway

zy Halfway alongthe zygomaticarch(generallythe most
projectingpointon thearchwhenviewedfrom above)

Supraglenoid sg aboveandslightly forwardof theexternalauditorymea-
tus

Gonion go Themostlateralpointon themandibularangle
SupraM2 spm2� Above thesecondmaxillarymolar
Occlusalline ol On the mandiblein alignmentwith the line wherethe

teethoccludeor bite
SubM2 sbm2� Below thesecondmandibularmolar
Mastoidprocess mp� Most lateralparton themastoidprocessbehindandbe-

low theearcanal

Table1: Landmarksetusedfor facereconstruction.


