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Abstract

Facialreconstructiorior postmortenidenti cation of humangrom
their skeletalremaindgs a challengingandfascinatingpartof foren-
sic art. The former look of a face can be approximatedoy pre-
dicting and modelingthe layersof tissueon the skull. This work
is as of today carriedout solely by physical sculptingwith clay,
where experiencedartistsinvestup to hundredsof hoursto craft
areconstructedacemodel. Remarkablyone of the mostpopular
tissuereconstructiormethodsbearsmary resemblancewith sur
face tting techniquesisedin computergraphicsthussuggesting
thepossibilityof atransferof themanualapproacto thecomputer
In this paper we presenta facial reconstructiorapproacithat ts
ananatomy-basedirtual headmodel,incorporatingskin andmus-
cles,to a scannedskull usingstatisticaldataon skull / tissuerela-
tionships. The approacthasmary adwantagesver the traditional
process:a reconstructiorcanbe completedn aboutan hour from
acquiredskull data; also, variationssuchas a slenderor a more
obesebuild of the modeledindividual are easilycreated.Last not
least,by matchingnot only skin geometrybut alsovirtual muscle
layers,an animatableheadmodelis generatedhat canbe usedto
form facial expressionsheyond the neutralfacetypically usedin
physicalreconstructions.

CR Categories: 1.3.5 [ComputerGraphics]: ComputationalGe-
ometry and Object Modeling—Plysically basedmodeling 1.3.7
[ComputerGraphics]:Three-DimensionabraphicsandRealism—
Animation G.3 [Probability and Statistics]—Multvariatestatistics
G.1.2 [Numerical Analysis]: Approximation—Approximatiorof
surfacesandcontours
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1 Intro duction

1.1 Background

For well over a hundredyears,forensicart and sciencehasbeen
assistinglaw enforcement.One of the major areasof concernin
this areais facial reconstructiorfor postmortemidenti cation of
humansfrom their physical remains. Manual reconstructiorand
identi cation techniquesuild on the tight shaperelationshipshe-
tweenthehumanskull andskin: for instancethe presumeddentity
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Figurel: Reconstructiorof a facefrom the skull: a) scanninghe
skull; b) skull meshtaggedwith landmarksg) skin meshwith mus-
cles tted to theskull; d) texturedskin mesh,smiling expression.

of amurdervictim canbecon rmed by superimposingfacialpho-
tographwith a properlyalignedandsizedimageof the skull. If no
photographs available,thelook of thefacecanbereconstructedb
acertaindegreeby modelingthemissingtissuelayersdirectly onto
theskull or a plastercastmadefrom it.

The rst documenteaaseusingthree-dimensiondacialrecon-
structionfrom the skull datesbackto 1935[Taylor 2001]. A key
experimentwas later performedby KROGMAN [1946]: giventhe
body of a deceasegberson,he took a picture of the cadaer head
beforeextractingthe skull. The skull was provided to a sculptor
alongwith informationaboutsex, origin, andageof thelate owner,
plus dataon the averagetissuethicknessest several positionsin
theface.Fromthis material,areconstructiorsculpturewascreated
thatcouldbe comparedo theoriginal head.Sincethattime, three-
dimensionalfacial reconstructionfrom the skull hasbeenmuch
re ned, but the methodhas essentiallyremainedthe same. Re-
searchersiave examinedthe skull / skin relationshipgor different
ethnicgroups[Lebedinskayaet al. 1993] and analyzedthe corre-
spondencesf skull morphologyandfacial features[Fedosyutkin
andNainys 1993]. Othersfound correlationsbetweenmuscleac-
tivity andskull shapgMoore andLavelle 1974; Weijs andHillen
1986]. In her comprehensk textbook, TAYLOR [2001] describes
thecraftin greatdetail.

Much of the fascinationof the topic is dueto the combinedef-
forts of scienceandart, resultingin oftenastonishinglylifelik e re-
constructionsgiven the little available input (seeFig. 2). Marny
parameter®f the outward appearancef an individual cannotbe
readily derived from the skull, though. The processs thushighly
dependenon rulesof thumb,the experienceof the artist,andsome
guesswrk. It is, for instancenext to impossibleto reconstructhe
shapeof the earsbasedon scienti ¢ reasoningalthoughempiri-
cally thereseemdo be arelationof earheightto the lengthof the
nose.

1.2 The Manual Reconstruction Process

The traditionalwork procesdor facial reconstructiorbegins with
preparatiorof the skull. Sincethe skull is oftenevidencein acrim-
inal case,greatcareneedsto be takenin handlingit: someparts
areextremelythin andfragile, especiallyin the noseandtheorbits.
For identi cation, the teethoften provide a lot of usefulinforma-
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Figure 2: Comparisonof sculpted reconstructionswith pho-
tographsLeft: malesubjectyight: femalesubject.(Images:Copy-
right ¢ [Helmeretal. 1993],reprintedby permissiorof Wiley-Liss,
Inc., asubsidiaryof JohnWiley & Sons,Inc.)

tion, soadentalanalysiss usuallyperformedat this stage.For the
reconstructiorof thelower face the mandibleneedgo be properly
alignedandsecuredo theskull. In cooperatiorwith ananthropol-
ogist,andpossiblygivenmoreinformationfrom theremainsof the
victim, anestimationof age,ancestrysex, andstaturecannow be
obtained.

The actualfacereconstructiorproceedswith one of two avail-
able approaches:the anatomical method and the tissue depth
method The anatomicamethodattemptseconstructiorby sculpt-
ing muscles glands,andcartilage, eshing out the skull layer by
layer This techniqueis more often usedin the reconstructiorof
fossil faceswhereno statisticalpopulationdataexists [Zollik ofer
etal. 1998]. As TAY LOR statesthistechniquas very time consum-
ing, occupying “mary hundred=f hours”. It alsorequiresa great
dealof detailedanatomicaknowledge. Therefore the alternatie
tissuedepthmethodhasbecomethe more popularreconstruction
techniquen law enforcementHere,standardsetsof statisticaltis-
suethicknessneasurementat speci ¢ pointson thefaceareused.
Eachmeasuremerdescribeshetotal distancefrom skin surfaceto
theskull, includingfatandmusclelayers. Themethodis thusmore
rapid than the anatomicalmethodand doesnot require as much
anatomicaknowledge.Suchmeasurementsave beencollectedfor
malesandfemalesof several racial groups,usingneedles X-rays,
or ultrasoundechniquesThetissuedepthdatamostoftenusedby
policeartiststodaywascollectedprimarily by RHINE etal. [Rhine
and Campbell1980; Rhine and Moore 1984]. The datais sorted
into “slender”,“normal”, and“obese”groupsaswell asby sex and
race.

Given the set of measurementdjssuedepthmarkers are nov
placedon the skull or a castmadefrom it, re ecting the tissue
thicknessat the samplepoints. Thesemarkersareorientedorthog-
onally to the skull surface,correspondingo thedirectionof thetis-
suethicknessmeasurementdJsingthe markersandotherfeatures
on the skull for guidance the faceis modeledon top of the skull
usingclay. A snapshobf the beginning stagef areconstruction
usingthetissuedepthmethodis shavn in Fig. 3.

1.3 Our approach

Looking at the facial reconstructionprocessas describedabore

from a computergraphicsperspectie, it essentiallyboils down to

a surfaceinterpolationproblem. We thus implementthe manual
“dowel placement’methodas an interactve procedure pbtaining
position and distanceconstraintsthat de ne the relation between
skin and skull at selectedsamplepositions. The sculptingof the
skin surfaceis mappedo a volumedeformationappliedto a head
modeltemplate satisfyingtheseconstraints.The deformationap-
proachhasthe additionaladvantageof being applicableto addi-
tional structuresattachedo the template:in our system,we map
a musclestructureto the tted headmodel (seeFig. 1), enabling

animationon the reconstructedheadin a physics-basedacial ani-
mationframework.

The remainderof this paperis organizedas follows: after re-
viewing relatedwork in Section2, we discussacquisitionof skull
dataandinteractve landmarkplacementor settingup surfacecon-
straintsin Section3. Sectiord describeshestructureof ourgeneric
headmodelandhow it is tted to the skull. Animationandtexture
generatiorfor the resultingheadmodelaretoucheduponin Sec-
tion 5. We presentexamplesin Section6 anddrav conclusions
from ourresultsin Section?.

2 Previous and Related Work

2.1 Computer-Aided Face Reconstruction

Perhapsiueto thelack of rigid taxonomiesandhardrules,the use
of computersandcomputergraphicsin this forensicapplicationis
still very limited. The procedureglescribedabore cannotbe cast
easilyinto acomputemprogramthatproducegjoodresultsin anau-
tomatedmanner—the experienceandjudgmentof the practitioner
remainavital partof the system.

In law enforcementpractice, computeraided techniquesre-
strict to relatively simple image and video manipulation: face
photographsare used for skull superimposition[Griiner 1993;
Miyasakaet al. 1995],while imagewarpingandretouchingenable
a basicsimulationof aging[Taylor 2001, p. 253]. This situation
is unfortunate sincethe traditional three-dimensionalacerecon-
structionprocesss extremely time-consumingand expensve. It
is hardlyfeasibleto producea variety of differentplausiblerecon-
structionsrom oneskull, simply dueto the effort thathasto be put
into the creationof eachmodel. Also, repeatecphysical handling
of theoriginal skull increasesherisk of damage.

Oneprototypicalcomputetbasedacereconstructiorsystemal-
lowing tting of a generichierarchicalB-spline headmodelto a
skull mesh,is describedy ARCHER in herMasters thesis[1997].
The user placesdowels on a skull model with prescribedtissue
thicknessvalues,resultingin tamgetsfor a B-spline surface tting
process. The interpolationprocessis tricky and requirescareful
preparatiorof thetemplateheadmodel.

In the approachpresentecby MICHAEL and CHEN [1996], a
sourceheadmodelHs thatincludesa skull S; is deformedusinga
volume distortionfunctionV suchthat the deformedsourceskull
approximatelymatchesthe target skull §: V(S) §. It is as-
sumedthat the deformedsourceheadmodelV(Hs) bearsa good
resemblancéo the (unknown) targetheadmodel. The volumedis-
tortionfunctionV is setupasa eld warpusingfourty pairsof disc
elds, which aremanuallyplacedaroundthe skull. No detailsare
givenaboutthe placemenbf thesecontrol elds.

Figure3: Modelingthefacewith clay on top of the skull usingthe
tissuedepthmethod. (Imageg[Taylor 2001], reprintedby permis-
sion.)
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A deformatiortechniquesimilarto theoneusedin ourapproach
is emplojed by VANEZIS et al. [2000]. A facial templatechosen
from a databasef scannedacesis deformedto matchthe posi-
tion of tagetfacelandmarkswhich have beenderivedfrom adding
statisticaltissuethicknessvaluesto the correspondingskull land-
marks. Theresultingreconstructedheadsare not alwayscomplete
(for instancethe top of the headis usuallymissing). The authors
suggesto exportanimageof thereconstructetheadandto applya

nal image-processingtepto addeyes,facialandheadhair.

The above methodsrequire a lot of manualassistancén set-
ting up theinterpolationfunction[Archer 1997;MichaelandChen
1996],or rely onadatabasef headtemplategVanezisetal. 2000].
In contrast,we develop reconstructiondrom one headtemplate
with relatively few marlers,anduseadditionalmechanismso im-
provereconstructiomesults(seeSectiond.3). Ourapproactalways
generatesompleteheadmodels.Insteadof usinghigherordersur
facesor point samplesthe surfaceof our deformableheadtem-
plateis anarbitrarytrianglemesh simplifying laterartisticmodi -
cationsof the resultusingstandardnodelingtools. To the bestof
ourknowledge integrationof expressie facialanimationis notdis-
cussedy ary othercomputeraidedfacialreconstructiorapproach.

Otherthan explicit treatmentof facial reconstructionthe cre-
ation of virtual headmodelsbasedon humananatomyis well re-
searche@nddocumentedn the computergraphicditerature. Ma-
jor developmentsn this areaarediscussedh thefollowing section.

2.2 Human Head Modeling

A varietyof techniquegxiststo createafacemodelfrom imagesor
scandata.ln themethodpresentedby L EE etal. [1995],animatable
headmodelsareconstructedsemi-automaticalljrom rangescans.
A genericfacemeshwith embeddednusclevectorsis adaptedo
rangescansof humanheads.This procesgelieson the planarpa-
rameterizatiorof the rangescansasdelivered,for instancepy the
Cybervaredigitizers. PIGHIN et al. [1998] interactively mark cor-
respondingfacial featuresin several photographof anindividual
to deforma genericheadmodelusingradial basisfunctions. An-
imation is possibleby capturingfacial expressiondn the process
and blending betweenthem. CARR et al. [2001] useradial ba-
sis functionsto generateconsistentmeshedrom incompletescan
data.Employing alarge databasef severalhundredscannedaces,
BLANZ etal.[1999]areableto createageometricheadmodelfrom
only a single photograph. This modelhasthe sameresolutionas
therangescansn the databaseandcannotbe readily animated.In
the context of medicalimaging, SzeLIsKI et al. [1996] minimize
the distancebetweentwo surfacesobtainedfrom volume scansof
humanheaddy applyinglocal free-formdeformationgSederbey
andParry 1986] andglobal polynomialdeformations The method
doesnot requirespeci cationof correspondindeatureson the ge-
ometries.

Several facial animationsystemsuse an approximationof the
layeredanatomicaktructure. WATERS [1987] representskin and
musclesasseparatentities,wheremusclevectorsandradial func-
tions derived from linear and sphinctermusclesspecify deforma-
tionsonaskinmesh.In contrasto this purelygeometricdechnique,
physics-basedpproacheattempto modelthein uence of muscle
contractionontothe skin surfaceby approximatinghe biomechan-
ical propertiesof skin. Typically, mass-springr nite elemenmnet-
works are usedfor numericalsimulation [Platt and Badler 1981;
Leeetal. 1995; Kochetal. 1998]. From aninitial trianglemesh,
TERZOPOULOS andWATERS [1990] automaticallyconstructalay-
eredmodelof thehumanface.Themodelstructureconsistof three
layersrepresentinghe musclelayer, dermis,and epidermis. The
skull is approximatechsanoffsetsurfacefrom the skin. Free-form
deformationsare employed by CHADWICK et al. [1989] to shape
the skin in amulti-layermodel,which containshonesmusclesfat

tissue,andskin. SCHEEPERS et al. [1997] aswell asWILHELMS
andVAN GELDER [1997]introduceanatomy-basechusclemodels
for animatinghumansandanimals focusingon theskeletalmuscu-
lature. Skin tissueis representednly by animplicit surfacewith
zerothicknesgWilhelmsandVan Gelder1997].

We build our systemon the deformable,anatomy-basetiead
modeldescribecby KAHLER et al. [2002]. There,a genericface
meshwith underlyingmuscleandbonelayersis deformedo match
scannedskin geometry This processs adoptechereto matchthe
muscleandskin layersto givenskull datainstead.

3 Preparation of the Skull

Our approachusesthree-dimensionaskull dataacquired,for in-

stancefrom volumescansandextractionof the bonelayers,or by

rangescanninga physical skull. Thetestdatausedfor the exam-
plesin Section6 wasacquiredusingbothtypesof scans.To speed
up processingatrianglemeshof the skull modelcomprisedf 50-

250k polygonsis producedby meshdecimationtechniquedGar-

land and Heckbert1997]. In generalthe original datashouldbe

simpli ed aslittle aspossiblesinceminutedetailson the skull can
give importantcluesfor thereconstructionThe meshresolutionis

chosenfor adequateesponsienessof our interactize skull editor
application.In practicejt is helpfulto have the original dataset(or

the physicalskull) readyasa referenceduringediting.

In the editor, the skull modelis equippedwith landmarks,as
shavn in Fig. 4. Pointson the skull surfaceare simply picked to
createa landmark,which can then be moved aroundon the sur
facefor ne positioning.Eachlandmarkis associateavith avector
in surfacenormaldirection, correspondindo the typical direction
of thicknessmeasurementsAs canbe seenon the right imagein
Fig. 4, someskull/ skincorrespondencesein factnon-orthogonal
to the skull surfacein the areaof the lips. This is correctedfor
at a later stepof the tting processasdescribedn Section4.3.
The landmarkvectoris scaledto the local tissuethicknesswhich
is looked up automaticallyby the landmarks assignechamein a
tablebasedon RHINE's data(seeSectionl.2). The speci ¢ setof
landmarkausedin our systemis listedin AppendixA.

4 Fitting the Deformable Head Mo del

4.1 Head Model Structure

Whenthe skull is taggedwith landmarksijt senesasthetargetfor
deformationof the genericheadmodelshown in Fig. 5. Sincethe
headmodelis usedin a physics-basednimationsystem,it does

Figure 4: Skull landmarkspeci cation in the mouth area. Left:
snapshofrom ourlandmarkeditor;right: correspondencédsetween
skull andskin markers(Imageafter[y'Edynak andlscan1993])
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a) b) c)

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

not only consistof the visible outer geometry The encapsulated
structureincludes:

the skin surface representedsatrianglemesh.Themeshresolu-
tion shouldbe high enoughto ensurggood tting results.Our
templateheadmeshconsistof 8164triangles.

virtual muscles to control the animation. Eachmuscleis speci-
ed by a grid laid out on the skin, the actualmuscleshape
beingcomputedautomaticallyto t underneattihe skin sur
face. Eachmuscleconsistsof an arrayof bers, which can
contractin a linear or circular fashion. Our modelincludes
24 facialmusclegesponsibldor facialexpressionsFig. 5(c)
shawvs themusclelayouton theheadtemplate.

amass-springsystem connectingskin, muscles,and skull, built
aftertheheadmodelis tted to theskull. For animationmus-
clespull atspringnodesattachedo their surface,in turncaus-
ing deformationof the springmeshin the skin surfacelayer.

landmarks de ned ontheskin surface,asshowvn in Fig. 5(a)and
(b). Themajority of thesdandmarksorrespondso theland-
marksinteractvely speci ed on the skull. Theselandmark
pairscontrolthebasic tting of theheadstructureasdescribed
in Section4.2. A few additionallandmarksare only de ned
ontheskinandareusedfor the nal adjustmentsftherecon-
structedshapesliscussedn Section4.3.

Theheadmodelis similarto theonein [K&hleretal. 2002], where
detaileddescription®f the musclemodelandanimationapproach
canalsobefound.

4.2 Landmark-Based RBF Deformation

Giventhedeformabléheadmodelwith n prede nedskinlandmark
positionsp; 2 R® andthe correspondindandmarkss, 2 RS (i =

ts theskinandthemusclelayoutto the skull.
Thetamgetskull landmarkshave associatedissuedepthvectors
d;, socorrespondingkinlandmarkpositionsg; arede ned as

0= §+d;:

Theproblemcannow betreatedasoneof interpolation:we needto
nd afunctionf thatmapsthep; to theq;:

q; = f(py);

Theunknavn functionf canbeexpressedby aradialbasisfunction,
i.e., aweightedlinear combinationof n basicfunctionsf; andan
additionalexplicit af ne transformation:

=10

n

f(p) = &

i=1

¢fi(p) + Rp+ t; 1)

wherep 2 R3 is a point in the volume, ¢, 2 R3 are (unknawvn)

weights,R 2 R® 3 addsrotation, skew, and scaling,andt 2 R3
is a translationcomponent.The f; arede ned by the sourceskin
landmarkpoints. Accordingto BOOKSTEIN [1997], for deforma-
tion of biological solids an approachbasedon thin-plate splines
is favorable. We thus use the simple biharmonicbasicfunction
fi(p) = p p; , which minimizesbendingenegy for the de-
formation[Duchon1977].

To remove afne contritutions from the weightedsum of the
basicfunctions[Pighinetal. 1998;Carretal. 2001],we includethe
additionalconstraints

n n

ac=0 and § cp=0

i=1 i=1
Theresultingsystenof linearequationss solvedfor theunknovns
R;t, and¢; usinga standard U decompositiorwith pivoting, to
obtainthe nal warp functionf. This function cannow be used
accordingto Eq. (1) to transforma pointp in the volumespanned
by the landmarks.We applyf to the skin andmusclecomponents
of thegenericmodelin thefollowing ways:

The skinmeshis deformedby directapplicationof the func-
tion to the verticesof themesh.

The musclesaretransferredo the newv geometryby warping
their layout grid vertices,followed by recomputatiorof the
shapeto t thedeformedskin mesh.

Sinceour landmarksetis comprisedof only 40 landmarks(see
AppendixA), thecomputeddeformationdoesnt properlyalignthe
skin to the skull in all places,ascanbe seenin Fig. 6(a). Interac-
tive speci cationof morelandmarkgputsanundesirabledditional
burdenontotheuser soadditionallandmarkpairsarecomputecau-
tomaticallyby interpolationbetweerexisting onesontheupperand
backpart of the cranium,aswell ason the mandible,asshavn in
Fig. 6(b). Thethicknessvalueof aninterpolatedskull landmarkis
alsointerpolatedwhereonly suchskull areasarechoserfor land-
markinterpolationwherethetissuethicknesds nearconstant.Tis-
suedepthinterpolationwould be problematic for instance,jn the
mid-facearea,wherethicknessvalueschangedrasticallyfrom the
cheekbonéo themid-faceregion below.

4.3 Additional Reconstruction Hints

The tissuedepthvaluesat the marker positionsde ne the basic
shapeof thereconstructethead assuminglepthmeasurementse-
ing alwaysstrictly orthogonato the skull surface.As mentionedn

Section3, this assumptioris not alwaysvalid. A numberof rules
arethususedin traditionalfacial reconstructiorio helplocatecer

tainfeaturef thefacebasedntheskull shapeemplagying empiri-
calknowledgeaboutshapeaelationsbetweerskin andskull [Taylor

@) (b) (©

Figure 6: Fitting stages,shavn on the lower face. a) Warp us-
ing only userspeci ed landmarkssomeskull areasstill intersect-
ing the skin); b) with automaticallyinterpolatedandmarkson the
mandible;c) usingadditionalheuristicsfor lip andnoseshaping.
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Figure7: Comparisorof heuristicsusedin traditionalreconstruc-
tion (left) with our graphicalinterface (right). (Note: different
skulls areusedin the adjoiningimages.) Top: estimationof nose
width; center:positioningof the nosetip; bottom: settinglip width,

height,andmouthcornerposition.

2001]. We have translatedsomeof theseheuristicsfor usewith the
skull landmarkeditor: the nal tting result,asshavnin Fig. 6(c),
is obtainedby includingthis additionaluserinput.

To keepthe userinterfaceuniform, mostrulesareexpressedy
the placemenof verticalandhorizontalguidesin a frontal view of
the skull. Fromthis userinput, the placemenof a few landmarks
ontheskinis adjustedresultingin a new targetlandmarkcon gu-
ration. Theupdatedandmarksetis usedto computeanothemwarp
function, which deformsthe pre- tted headmodelin the adjusted
regions. Five rulesin uence the shapeof the noseandthe shapeof
themouth,asshovnin Fig. 7:

Thewidth of the nosewings correspondso the width of the
nasalapertureat its widestpoint, plus 5mm on eithersidein

Caucasoidslin the editor, the userplacestwo vertical guides
to theleft andright of the nasalaperture Fromtheir position,
the displacemenof the two al® skin landmarksplacedat the
nosewingsis computedcf. Fig. 7, top row).

The positionof thenosetip depend®nthe shapeof theante-
rior nasalspine. Accordingto KROGMAN's formula [Taylor
2001,p. 443],thetip of thenoses in theextensionof thenasal
spine.Startingfrom the z valueof thetissuedepthmarler di-
rectly belov the nose(mid-philtrum, seeAppendix A), the
line is extendedby threetimesthe length of the nasalspine
(cf. the white and yellow lines in the rightmostimage of
Fig. 7, middle row). In the editor, begin and end points of
the nasalspinearemarked. The prn landmarkat the nosetip
is thendisplacedaccordingo theformula.

1seege.g.,[Farkas1994]for ade nition of standardaciallandmarks

Thewidth of the mouthis determinedy measuringhe front

six teeth placingthemouthangleshorizontallyatthejunction

betweenthe canineandthe rst premolarin a frontal view.

Two verticalguidesareusedfor positioningthe ch landmarks
locatedat the mouth angles(vertical lines in Fig. 7, bottom
row).

Thethicknessf thelips is determinedby examiningthe up-
per andlower frontal teeth. Seenfrom the front, the transi-
tion betweerthelip andfacialskinis placedat the transition
betweenthe enamelandthe root part of the teeth. Two hor
izontal guidesare placedby the userat the upperandlower
transition,respectrely. This determineghe vertical position
of theid andsdlandmarksmarkingthelip boundary(top and
bottomhorizontallinesin Fig. 7, bottomrow).

The partingline betweerthelips is slightly above the blades
of theincisors. This determineghe vertical placemenbf the
ch landmarkgmiddle horizontalline in Fig. 7, bottomrow).

Using theseheuristics,a betterestimateof the mouthandnose
shapeganbecomputed Theeffectis strongesbnthelip mawgins,
sincethe assumptiorof an orthogonalconnectionbetweencorre-
spondingskin and skull landmarksis in fact not correctat these
sites,astheright partof Fig. 4 shavs. Theinitial deformationthus
givesa good estimateof the tissuethicknessof the lips while the
seconddeformationusingthe information provided by interactve
guideadjustmente nes theverticalplacemenbf thelip mamgins.

5 Facial Expressionsand Rendering

In manualfacial reconstructiona neutralposeof the faceis pre-
ferred asthe most“generic” facial expression. Other expressions
couldbe helpful for identi cation purposesbut the costof model-
ing separateversionsof the headmodelis prohibitive. In our vir-
tual reconstructiorapproachthis doesnot posea problem. Since
the tted headmodelhastheanimatablestructureof skinandmus-
cles, differentfacial expressionscan be assumedy settingmus-
cle contractions,as in other physics-basedacial animationsys-
temg[K ahleretal.2001;Leeetal. 1995]. Fig. 8 shavshow muscles
areusedto form differentfacialexpressions.

For a completelyanimatableheadmodel, it is necessaryo in-
clude a separatelycontrollablemandible,a tongue,rotatableeye-
balls, and eye lids into the headmodel. We have decidedlyleft
them out of the reconstructiorapproachsince thesefeaturesare
not particularly usefulin 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—errorin this respectwould producerathermislead-
ing resultsin arealidenti cation case.Theeffort of placingtongue,
eye, andpotentiallyteethmodelsthusdoesnot offsetthe bene ts.

Figure 8: Expressionon the genericheadmodel and the corre-
spondingmusclecon gurations.
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Figure9: Examplesof facial reconstructiongreatedwith our system. Top: modelcreatedfrom a scannedeal skull, shaving t of skin
to skull, transferredmuscles,andtwo facial expressions.Middle: Reconstructiorfrom a volume scanof a male, shaving the actualface
ascontainedin the data,superimposition®f the actualandthe reconstructedacewith the skull, andthe reconstructiorwith neutraland
“worried” expressionBottom: Reconstructiofirom volumescanof afemalewith strongskull deformationsThe CT datasetsdon't contain
thetop andbottomof the headsthusthe sourceskull andfacemodelsarecut off. Theactualheadheighthadto beguessedh thesecases.

If additionalinformationaboutthe modeledpersonis available,
for instance,from remnantsof hair found with the skull, the re-
sultingmeshcanbe coloredcorrespondinglyOur systemincludes
basiccapabilitiesfor coloring the partsassociatedvith skin, lip,
andeyebrows in the model's texture map. Colorscanbe adjusted
interactiely in HSV spaceon the reconstructedheadmodel. Fi-
nally, the color adjustmentaremeigedinto a neutralbasetexture
andsaved asa new texture map. The tted, texture-mappedrian-
gle meshcanbe easilyimportedinto variousrenderingpackages
for display Theexamplesshavn in Fig. 9 shaw threedifferentskin
colorationscreatedn this way.

6 Results

We havetestedurtechniqueonarealskull thatwasmadeavailable
to ushby aforensicinstituteandon two medicalvolumescans.All
datapertaingo individualsof Caucasiarnype. Eachreconstruction
requiredapproximatelyanhourof interactive work, excludingtime
for dataacquisition.

Thereal skull, depictedon the rst pageof this paper wasun-
earthedon a constructiorsite andbelongsto an unidenti ed male,
approximately35 yearsof age.As canbe seernfrom theholein the
frontal bone,hewaskilled by a headshot—theowner of this skull

probablywasawarvictim or asoldiet After scanningheskull, the
resultingmeshwassimpli ed to 100k triangles. Interactve place-
ment of skull landmarksand facial featureguideswas relatively
easyin this casesincethe skull is completeandin goodcondition.
Dueto its wartime origin, we assumedhefaceto beratherskinry,
sowe selectedhe “slender” tissuethicknesstable. Fitting results
canbeseernin Fig. 9, toprow. Sincetheactualappearancef thein-
dividualis unknawn, theaccurag of thereconstructiortanonly be
guessedNonethelesyurreconstructiorseemsplausible.Notably,
the shapeof the chin, which canbe predictedfrom the correspond-
ing region on the skull, hasbeenreproducedvell.

To shawv examplesutilizing otherdatasourcesandalsofor val-
idation, we extractedskull andskin surfacesfrom medicalvolume
scans.The rst dataset,shavn in the middle row of Fig. 9, per
tainsto a male subjectof roughly 30 years. The subjects faceis
ratherbulky, sowe chosethe “obese’tissuethicknesglataset(in a
real case this choicewould have to be madebasedon otheravail-
ableinformationsuchasthe size of clothes,if present).Our rst
reconstructionattemptsshaved a consistentemphasison promi-
nentcheekbonesandhollow cheeks:no matterwhich datasetwe
picked, the facewould becomemore bulky, but not shav the ex-
pectedgeneralroundnes®f the face. This effect is demonstrated
in Fig. 10 on variationsof our rst model. A closerexamination
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Figure10: Left to right: RHINE's traditional“slender”,“average”,
and“obese"tissuedepthtables(cf. [Taylor 2001,p. 350ff.]) often
resultin hollow cheeksandprominentcheekboneéseealsoFig. 9).
Rightmostimage:the shapecanbeimproved by “bulging out” the
affectedmeshareas.

revealedthat the reasonlies in the relatively low thicknessvalues
RHINE assignedo thelandmarksde ning the cheekregion (sbm2
andspm2in Tablel). After excludingthesetwo landmarkswe ob-
tainedtheresultsshavn in Fig. 9. Therightmostimagein Fig. 10
shavs how simplemeshmodelingtechnique<ould be usedat this
pointto improve andindividualizethe reconstruction.

The secondvolumedatasetshowns a femalepatientwith strong
skull deformations.We produceda reconstructiorof this faceto
testthe methodwith a decidedlynon-arerageskull shape.There-
sult canbe seenin the bottomrow of Fig. 9. Sinceour automatic
landmarkinterpolationscheméseeSectiord.2)is designedo han-
dle the normalrangeof skull variations,the unusualshapeof the
mandibleresultedin very sparsesamplingof the chin area. An-
other prominentfeatureof the skull datais the protrusionof one
incisor, pushingthe upperlip to the front. We modeledthis effect
by moving the sd landmarka few millimetersdown ontothe blade
of theincisor, thuspushingtheassociategkinlandmarkforwardas
well. Thisdid notimpair the positioningof the upperlip boundary
sincethis is adjustedseparatelyy the mouthguides(cf. Fig. 7).

7 Conclusion and Future Work

The facereconstructiorapproachpresentedn this papermirrors
the manualtissuedepthmethodandthushasessentiallythe same
predictionpower. Our resultsshov overall good reproductionof
facial shapeand proportions,and somesurprisinglywell-matched
details. It shouldbe notedthat our exampleswere producedby
computerscientistavith notrainingin forensicreconstruction.

The adwantagesof the computerizedsolution are evident: in-
steadof weeks,it takeslessthana day to createa reconstructed
facemodel,including scanningof the skull. Oncethe scandatais
markedwith landmarksdifferentvarietiessuchasslimmeror more
obeseversionscanbeproducedvithin secondstthe pushof a but-
ton, whichis practicallyimpossiblewith the manuaimethoddueto
the vastamountof time neededor productionof a single model.
Slightvariationsin facialexpressiorcanalsobeobtainedquite eas-
ily by animatingthe musclestructureunderlyingthe model.

Sincethevirtual reconstructions basedn 3D scanswhich can
be acquiredcontact-freethe risk of damageto the original skull
is reduced. On the otherhand,the scanningprocesshasinherent
limitations: dependingon the maximumresolutionof the digital
scannermuchof the ner detail on the skull is lost. The delicate
structureof, for instancethe nasalspinecannotbe fully captured
with currentscanningechnology For thisreasonit is necessaryo
consultthe original skull from time to time for reference.

In our experimentswe oftenfound that surfacenormalson the
scannedkull geometrydo not alwaysbehae theway they should,
re ecting the orientationof the surfaceonly very locally. It might
be usefulto consideran averageof normalsin alargerareaaround

thelandmarkpositionto solve this. Sometimesit would be desir
ableto adjustthe orientationmanually

Theinteractive systemallows for aniterative reconstructiorap-
proach:amodelis producedjuickly from agivenlandmarkcon g-
uration,solandmarkscanbe editedrepeatediyuntil the desiredre-
sultis obtained. Theemphasi®n theinteractioncomponenmakes
thespeedf the tting processanimportantissue.While theactual
calculationof the warp function andthe deformationof the mesh
areperformednstantaneousjyabout ve secondsireneededn our
testsettingon a 1.7 GHz PentiumXeonto examineskull andskin
for potentialinsertionof additionallandmarks.This time is for the
largestpartusedfor ray intersection®f the skull andskin meshes,
which aredonein a bruteforce manner We expecta big speed-up
throughthe useof spacepartitioningtechniques.

For practicaluse thefacialreconstructiorsystenmshouldprovide
moreeditingfacilitiesfor skin detailsandhair. Usefuladditionsin-
clude,for instancea choiceof templatedor haircutsandfacialfea-
turessuchaseyebrav shapespeardsandwrinkles. At this point,
large-scalevalidationof the systemwould be necessaryo evaluate
theusability of the system.

As TAYLOR writesin herbook,thetissuedepthvaluesshouldnot
be taken at facevaluein three-dimensionafacial reconstruction,
but ratheract as guidesfor the nal facial reconstructionwhich
still reliesheavily on artistic skills andintuition. Our testscon rm
thatstrict adheranceéo RHINE's datafor the solutionof the inter-
polationproblemis too limiting. This indicatesnot a weaknessn
ourmethod but re ects thelow numberof samplegbetweerB and
37 in eachgroup)andthe technicallimitations at the time RHINE
assembledhis datatables. Given the currentstateof technology
more samplesof higher precisioncould be acquired,resultingin
muchmorecomprehensie andusabledata. Ultimately, computer
basedacialreconstructiorcould theneven becomesuperiorto the
traditionalapproach.
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A Landmark Set used for Reconstruction

Table 1 lists the pairedlandmarkson skin and skull that are used
for thefacialreconstructiorapproachdescribedn this paper Most
skulllandmarknamesanddescriptiongretakenfrom [Taylor2001,
page350ff.]. Shortskull landmarknamesarelistedin theid col-
umn. We have tried to adhereto namingcorventionsusedin the
forensicandanthropometriditeratureasmuchaspossible[Taylor
2001;y'Edynak andlscan1993;Farkas1994]. For simplicity, cor
respondindandmarkson skull andskin have the sameshortname
in our systemwhichis notgenerallythe casein theliterature.ln a
few casesmarkedby in thetable,we inventedshorthnames.Not
all skull landmarkshave an “of cial” counterparbon the skin, so
we placedthecorrespondingkin markersusingour own judgment.
The mplandmarkpair is not part of the standardset. We addedit
to improve the alignmentof skin to skull in the region behindthe
earswherethemastoidprocessaddsa bulgeto the skull.

name id description
Midline

Supraglabella tr Above glabella,identi ed with the hairline

Glabella g The most prominent point betweenthe supraorbital
ridgesin themidsagittalplane

Nasion n The midpoint of the suturebetweerthe frontal andthe
two nasalbones

Endof nasals na The anteriortip or the farthestpoint out on the nasal
bones

Mid-philtrum a The mid line of the maxilla (eastand west), placedas

highaspossiblebeforethecurvatureof theanteriomasal
spinebegins
Centeredetweerthe maxillary (upper)centralincisors
atthelevel of the CementunEnameldunction(CEJ)
Centeredetweerthemandilula (lower) centralincisors
atthelevel of the CementunEnamelJunction(CEJ)
The deepestmid line point of indentation on the

Upperlip magin ~ sd
(Supradentale)
Lowerlip magin  id
(Infradentale)

Chin-lip  fold b

(Supramentale) mandiblebetweertheteethandthe chin protrusion
Mentaleminence pog Themostanterioror projectingpointin themid line on
(Pogonion) thechin

Beneath chin me Thelowestpointonthemandible

(Menton)

Bilateral

Frontal emi- fe Placeon the projectionsat both sidesof the forehead

nence

Supraorbital sci  Above the orbit, centerecbn the uppermostmaigin or
border

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

Endocanthion en  point at the inner commissureof the eye ssure; the
landmarkon the skinis slightly lateralto theoneonthe
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  Thelower portionof themaxilla, still onthecheekbone

Lateralorbit lo Dropaline from the outermaigin of the orbit andplace

themarker about10 mm below theorbit

Halfway alongthe zygomaticarch (generallythe most
projectingpoint on thearchwhenviewedfrom above)
above andslightly forwardof the externalauditorymea-
tus

Zygomatic arch,  zy
midway
Supraglenoid sg

Gonion go Themostlateralpointonthe mandilular angle

Supram? spm2 Above the secondmaxillary molar

Occlusalline ol On the mandiblein alignmentwith the line wherethe
teethoccludeor bite

SubM, sbm2 Below the secondnanditular molar

Mastoidprocess mp  Mostlateralparton the mastoidprocessehindandbe-

low theearcanal

Tablel: Landmarksetusedfor facereconstruction.



