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Abstract

e presenta novel approad to createplausible3D facemodelsfromvaguerecollectionsor incompletedescrip-
tions. This task plays an importantrole in police work, whee compositefacial images of suspectsieedto be
createdfromvaguedescriptiongyivenby the eyewitnessesf anincident.

Our approad is basedon a morphablemodelof 3D facesand takes into accountcorrelationsamongfacial

featuresbasedon humananatomyand ethnicity Usingthesecorrelations,unspeci edparts of thetargetfaceare
automaticallycompletedo yield a coheentface model. The systermusesa novel paradigmfor navigatingface
spaceand provideshigh-level control of facial attributesas well asthe possibilityto import facial featuesfrom
a databaseln addition, the usercanspecifya setof attribute constaints that are usedto restrictthe target face
to a residualsubspaceTheseconstaints can also be enfoiced on the examplefacesin the databasebringing
their appeaancecloserto the mentalimage of the user andthusavoidingconfusingexposue to entirely different
facesWe also proposea novel appoach for adaptingthe systento local populationsbasedon additionalimage
databaseshatare corvertedinto our 3D representatiorby automatedshapereconstruction.

We demonstate the applicability of our systemin a simulatedforensicscenarioand compae our resultswith

thoseobtainedby a professionaforensicartist using state-of-the-arsoftwae for creatingcompositdmagesin

policework.

Catagories and Subject Descriptors(accordingto ACM CCS) 1.3.6 [Computer Graphics]: Methodology and
Techniques—Interactiotechniqued.4.10 [Image Processingand ComputerVision]: Image Representation—
Hierarchical,Multidimensional,StatisticAlm[ComputerApplications]:Miscellaneous—6&rensicSciences
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1. Intr oduction
Creatingpicturesof facesfrom mentalimagesor vaguerec-

ollectionshasimportantapplicationsin both art/designand
forensicsciencesnew virtual characterdor movies, adwer

tisementor computergamesare createdfrom the artist's
imagination andillustrationsof criminalsneedto be gener

atedfrom the eyewitnessesdescriptionsin both casesthe
artist/witnesgdenotedassouicein thefollowing) hasamen-
tal imageof thetargetfaceto be createdandit is important
notto in uence this mentalimageduring the procesf re-
constructingthe face.In generalthe sourcescannotgive a
completeverbaldescriptionof thetamgetface,andthey tend
to recollectonly somestriking details, for instancebusty

eyebravs or ahookednose while they areunavareof mary

othercharacteristics.

In this paperwe presentanapproachor generatingnod-
elsof humanfacesrom vaguementalimagesor incomplete
descriptionsTo demonstrat®ur approachwe have devel-
opedasystenthatcouldsubstitutecommerciabystemsaised
by policefor creatingcompositeor photo t pictures.

¢ TheEurographic#\ssociatiorandBlackwell Publishing2006.Publishedy Blackwell
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Figure 1: Thefaceof a “cab robber” createdfromthe cab
driver's recollectionis rendeed into a badkgroundimage.
Theinsetshowsa photagraph of the actual personwhowas
describedby thecabdriver.
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In contrastto most of thesecommercialsystems,our ap-
proachhasthefollowing adwantages:

Our GUI offers intuitive waysto modify featuresof the
targetfacein arbitraryorder

Unspeci ed partsof the reconstructedaceare automati-
cally completedaccordingo statisticalproperties.
Anatomical/ethnicatorrelationswithin a facearetaken
into accountautomaticallyduring reconstruction.

A 3D facemodelis createdthat canbe viewed from an
arbitraryview pointwith arbitrarylighting conditions.
The resultingfacemodel can be renderedautomatically
into backgroundmagesn appropriatgposeandillumina-
tion.

While thesefeaturesrepresenthe contritutionson the ap-
plication side,the technicalcontributionsof our systemare
asfollows:

We proposea new algorithm for navigating face space,
which usesa setof attribute constraintsthat restrictthe

faceto aresidualsubspace.

The predictionof unspeci edfacial featuresis basedon

correlationbetweendifferent face regions and features
learnedfrom the databaseOur systemmakes the most
plausibleprediction, given the information provided by

theuser

Photograph®f new individualsare usedto augmenthe

databaseavailablefor the 3D modelingprocess.

Using attribute constraints and face exchange, the

databasef examplefacess automaticallyadjustedo the

users speci cations.

2. RelatedWork

A large body of literatureon modelingfaceshasbeenpub-
lishedin thelastdecadesA goodoverview canbefoundin

thetextbook by Parke andWaters[PW9q andin the surey

by Noh andNeumanr{NN99]. In the context of this paper
we focuson publicationghataddresshe creationof models
or imagesfrom incompletedescriptions.

Remarkablyoneof theoldestpublicationsn this context
is theonly oneto our knowledgethattakesinto accountsta-
tistical correlationdetweerfacialfeature§ GC75. Thesys-
tem supportsonly line drawings. Startingfrom the average
face,it appliesaf ne transformationsandintensitychanges
of a x edsetof 17 featuresand supportsselectionfrom a
featuredatabase.The useris promptedto deal with fea-
turesin a x ed order Laugheryand Fowler [LF80] found
that artist sketchesare superiorto identi-kit imagesdue to
the limited amountof facial featuresandlack of shadingin
identi-kitimages This statementhowever, maybe outdated
by recentcommercialsystemghat are equippedwith huge
libraries of facial features An interfacefor gradient-based
facespacenavigation hasbeenproposedn [CF04. Princi-
pal componentsre usedas navigation axesin facespace,
but facialfeaturescannotbe controlledindividually. Theau-
thorsfocuson a comparisorof differentuserinterfaces.

The useof geneticalgorithmsfor trackingthetarmgetface
in alargefacespaces proposedn several publicationsjni-
tiated by Caldwell and Johnstonf CJ9]. A systemfor ex-
ploring facespaceds describedy DiPaola[DiP0Z, wherea
descriptve languages usedto specifyfeaturesandstateof a
facein termsof numericalparametersTo navigatethrough
facespacea geneticalgorithmusingapproximately25 pa-
rameterss employed. Gibsonet al. [GBS03 describea 2D
facialcompositesystenthatusesanevolutionaryalgorithm.
TheEvoFIT facialcompositesystem{FHCO04 is arecentap-
proachbasednanevolutionaryalgorithmworkingonshape
andtexture PCA coefcients extractedfrom adatabasef 72
monochromephotographs.

Approachego searchfor and retrieve animagefrom a
mug-shotatabasaretypically basecbn compositamages.
The databaseisedin [WAL 94] is indexed by attributesof
individual featuresobtainedby PCA and landmarks.The
bestmatchego aphoto t targetimageareretrievedbasecn
normalizedcorrelationandweighteddistanceof the feature
vectors.Thesystemalsosupportfuzzy searchgueriesBoth
Brunelli and Mich [BM96] and Baker and Seltzer[BS99
proposedsystemghatusefacialcompositefor databasee-
trieval and PCA for computationof similarity. In addition,
the user can modify the input image by featureselection
from databasémagesor by changingthe PCA coefcients
of individual featuredBM96], or randomcompositesanbe
createdrom the currentdatabasselection§BS99.

Ourown approachs basedn amorphablemodelaspro-
posedby Blanz andVetter[BV99]. In addition,we usethe
methodpresentedn [BSVS04 to renderour reconstructed
facesinto backgroundmagescontaininghair stylesand/or
scenery

Severalcommerciakystemdor generatingcompositefa-
cial imagesare available. The PROt ™ system[ABMO05]
is a standardb/w photo t systembasedon a library of over
200.000facial features,which can be compositedin both
frontal and 3/4 views. In additionto somecaricatureand
aging simulation features,compositeimagesfrom differ-
ent witnessescan be morphedto generateaverageor in-
betweenresults.The E-FIT™ program[Asp0Y is another
photo t systemfor compositingb/w imagesfrom individ-
ual features.Default featurescan be used where no de-
scription is available. The systemsupportsaging simula-
tion and—togethewith the 3D E-FIT extension— tting of
3D facesto the 2D compositeimages.In the PHANTOM
PROFESSIOMLxp ¢ system[UNIO5], a color basicim-
ageis selectedrom alarge databaséasedbn key attributes
such as gender age, skin color, etc. The featuresof this
basicimagearethenmodi ed usingafne transformations
and/orimport functionality accordingto the descriptionof
the witness.Aging within a limited time frame of approx-
imately ten yearsis alsosupportedThe Identi-Kit. NET™
system[Smi0Y] is a b/w implementationof the classical,
hands-oridenti-kit systemon the computer

¢ TheEurographic#ssociationrandBlackwell Publishing2006.
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To our knowledge,no commerciakystemavailabletoday
supportsanatomical/ethnicatorrelationsamongfacial fea-
turesand automaticcompletionof unspeci edfeaturesac-
cordingto statisticalpropertiesArbitrary 3D views aresup-
portedby only onesystemhroughanextension.

In recentcomputergames,suchas The Sims2 or FIFA
Soccer2006 the usercan model avatarsaccordingto his
ideas Althoughthecharactes facescanbeadaptedn quite
detailedways,thetechniguegmplo/edaretargetedtowards
generatingrather coarse textured face modelssuitablefor
hardwarerendering.The usercannotselectfeaturesfrom a
databaseand due to missing anatomicalcorrelationsit is
possibleto createnon-plausibléalien” faces.

3. SystemOverview

In this sectionwe give a brief overview of the functionality
andthefeatureof our systemUponstart,anaverage faceis
shavnin thedisplayareaof theprogram Theaverageaceis
computedastheaverageof 100maleand100femalefacesas
describedy BlanzandVetter[BV99]. All subsequentiser
operationsuchastransformationsr attribute editingresult
in animmediateupdateof the displayedface.To facilitate
userinteraction,we have implementecan operationhistory
with multiple levels of “undo”.

3.1. General Settings

As a rst step,the user(i.e., eitherthe sourceor an oper
ator) may specify age, gendey and ethnicity of the target
face.Thisis anoptionalstep,which doesnot directly affect
thetargetface.Instead settingtheseparametersestrictsthe
selectionof examplefacesshavn in the import dialog box
to matchthe criteriaspeci ed for age,gendeyandethnicity
(seeSection3.5).

3.2. Segments

Variouseditingoperation®nindividualfacialfeaturegsuch
asthe nose,eyes, eyebrovs, mouth) may affect the whole
facedueto correlationsamongthe featuresandthe overall
faceshapeFor instancepusty eyebravs areusuallycorre-
latedto a malefaceandto a darker skin, whereasa wide
mouthis typically correlatedto a broaderfaceandalsoto
a broademose.lt is one of the main advantagesf our ap-
proachthat thesecorrelationsare taken into accountauto-
matically. In casesvhereonly little is knowvn or remembered
of thetamgetface,exploiting thesecorrelationamay addsig-
ni cantly to the faithfulnessof the reconstructionOn the
otherhand,if the userknows exactly what detail shouldbe
changedvithoutin uencing ary otherfacial attributes, it is
desirableto constrainthe effect of editing operationsto a
local area.

To this end, we have implementecthe possibility to se-
lect an arbitrarycombinationof sggmentswhich de ne the

¢ TheEurographic#ssociatiorandBlackwell Publishing2006.

areaonthefacewhereeditingoperationsnayhave aneffect.
Figure 2(a) shaws the GUI of our programin the selection
mode, where the different segmentsare color-coded.The
userclicks on one or several differentseggments which are
thenaddedo the selectiormaskshaowvn in thesmallpixmap
ontheright. Somefacialfeaturesarerepresentetly ahierar
chy of segmentswhich are colorcodedin differentshades
of the samebase-colarThe nose,for instance consistsof
individual sggmentsfor the nosebridge,the alarwings, the
tip, andtheoverall nosearea.n theselectiormode theuser
mayaddsegmentdrom ary hierarcly level of ary facialfea-
tureto the selectionmask.To ensurea smoothtransitionat
the borderof sgmentswe apply a multiresolutiondecom-
positionandblendingtechniqug BA83].

3.3. Af ne Transformations

Any time duringthereconstructiorof thetargetface,af ne
transformationgrotation, translation,non-uniformscaling)
may be appliedto the entire face or a currently selected
sgment. Thesetransformationsre useful, for instance to
adjustthe position and orientationof the faceto t into a
backgroundmageor to accounfor anasymmetridayoutof
facialfeatures.

3.4. Facial Attrib utes

Themajority of editingoperationsn our systemareusedto

changaheshapend/orcolorof facialfeaturesTheeditable
characteristicsf all facialfeaturesaredenotedasfacial at-

tributesin thefollowing. Thesefacialattributesarepooledin

groupsaccordingo thefacialfeaturethey affect. For exam-
ple, all facial attributesthat affect the shapeor color of the
nosearegroupedtogetherFacial attributescanbe modi ed

on a continuousscalefrom [ 1:::1] (whereO denoteshe
default value of the averageface)usingsliders.Figure 2(b)
shavs adialogof our GUI with slidersfor avariety of facial
attributesof the nose.As a rst step,we have includedthe
following facialattributesin our system:

overall : masculine—feminine, slenderobese, dark-light
skin, younger-older intensityof freckles,intensity
of beardshadwy, attractvenesscaricaturdevel
faceshape round—angular narrov—broad, pearheart shape,
hollow—pufy cheeksprominenceof cheekbones,
pointed—-broacthin, retruded—protrudedhin, dis-
tancebetweenlips and chin, intensity of double
chin, intensityof nasolabiafold
eyes : slitted—round, upwards—devnwards inclination,
horizontal distance of eyeballs, dark-light iris,
color of iris, dark—lighteyebraws, thin—tusty eye-
brows, straight—cured eyebravs (separatdor left
and right side), horizontal distanceof eyebraws,
distancebetweereyebravs andeyes
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(@) (b)

© (d)

Figure 2: Snapshotsf our systers GUI. Leftto right: (a) Main windowin selectionmode Theuserclickson oneor several
segmentycolor-codedin the main drawing area), which are thenaddedto the selectionmaskshownin the small pixmapon
theright side(seealsoSection3.2). In this example theuserhasselectedotheyesandthe nosefor further editingopemtions.
(b) Dialog for settingindividual facial attributesof the nose SeeSection3.4 for details. (c) Databasedialog for selecting
featuresfroma large databaseof examplefaces(seeSection3.5). (d) In the hair styledialog, the userselectsa hair styleand

color (seeSection3.6).

nose : short-longnosebridge, narrov—wide nosebridge,
narrov—wide alar wings, at-round alar wings,
snub—hookd nose, distance between nose and
mouth

: narrov—wide, thin—full lips, dark-lightlip color,
corvex—concaelip line

ears : small-lage, at—jug ears

ethnicity : CaucasianAsian, African

expressions smiling, angry surprised,scared,deranged dis-

gusted

mouth

Thecaricaturelevelattributeis usefulto overstateall charac-
teristicattributesof areconstructefiace.Psychologicalnd-
ings [DJVOO0Q have shavn thatmakingfacesmoretypical
by caricaturingtechniquesncreasesubjects'ability to rec-
ognizefaces.Caricaturingis achiezed by morphinga face
away from the average.Additional facial attributescan be
easily integrated through parameterles. Section4.1 ex-
plainshow attributesarelearnedrom adatabasef example
faces.

During editing operations the effect of eachfacial at-
tribute on the target face (or on the currentselection)can
berestrictedo the shapeand/ortexture of thetamgetface.In
addition,differentvaluescanbesetfor the shapeandtexture
parameteof eachattribute.

As explainedin Section3.2, somefacialattributesarecor
relatedto other facial features.Although this is a desired
featureof our system,it might happenthat the userwants
a speci c valuefor a facial attribute A to remainuntouched
when performingfurther editing operationson otherfacial
attributes.This canbeachievedby addingthecurrentsetting
of attribute A to a list of constraints.Section4.2 explains

how theseconstraintsare enforcedthroughoutfurther edit-
ing operations.

3.5. Importing Featuresfrom a Database

In additionto modifying thefaceor a featureof thefaceus-
ing the attributesdescribedn the previous section the user
may alsoselectthe desiredfeature(sfrom a databasef ex-

amplefacesasshavn in Figure2(c). If aselectiormaskhas
beende ned previously, only the correspondindeaturesare
importedfrom the selectedfacein the databaseThusit is

possibly for instance to selectthe noseof the tamet face
andthenlook for thedesirednoseamongthe examplefaces.
Upon selectinga facefrom the exampledatabasethe nose
of thatfacewill beimportedseamlesslynto thetargetface
andcanbe further editedif neededAs with attribute edit-
ing, theimport of featuresrom a databaseanberestricted
to the shapeand/ortexture of thefeature.

3.6. Hair Style

The facemodelsfrom the databasehat have beenusedto
learnfacial attributes(seeSection4.1) have beencaptured
without hair. Thus,we cannothandlehair in the sameway
asotherfacial attributes.Despiteimpressie progressn re-
centyears,3D hair modelingandrenderingis still an open
eld of researchEven with photorealisticrenderingtech-
niques,collectinga databasef hair styleswould requireto
re-modelexisting styles.Thereforewe follow the approach
of [BSVS04 andrenderthe3D facemodelinto photographs
of hair stylestakenfrom differentviewpoints.

¢ TheEurographic#ssociationrandBlackwell Publishing2006.
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For our hair style databasewe selecteda frontal and a
pro le image of peoplewith several different hair styles
from the FERET databas¢ PWHR98. After manuallyse-
lecting 5—15featurepointsin eachhair style imageonce,
the algorithm automatically estimatespose, illumination,
and contrastfor inserting arbitrary target faces.This esti-

mationworksfor both colorandmonochromegphotographs.

We have chosenthe monochromémagesfrom the FERET
databasesinceit waseasyto color the hair in theseimages
in sevendifferentcolors (differentshadeof blond, brown,

red;black;grey) usinganimagemanipulationprogram Fig-

ure 2(d) depictsthe hair style dialog of our system.

3.7. Exporting the TargetFace

Thetametfacecanbe saredasa 3D modelfor furtheroper
ations.In particulay it is possibleto changéndividual facial
attributeslateronorto displaythefacewith differentrender
ing parametersin addition,the targetfacecanbe exported

into animageusingary desiredsetof renderingparameters.

Renderingafaceinto animagecontainingscenerymayhelp
the sourceto recalldetails.

4. Learning-BasedFaceModeling

Thecoreelemenof thefacemodelingsysterrs amorphable
modelof 3D facedBV99]. Themorphablenodelis avector
spaceof shapevectorsS andtexturevectorsT,
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that containthe (x;y; 2 positionsand (r;g;b) color values
of the verticesof a densepolygon mesh.Due to point-by-
pointcorrespondendeetweerthen = 75972verticesof our
model,linear combinationsof shapeandtexture vectorsof
them= 200exampleheaddrom our databas@roducereal-
istic new 3D faces.

We perform a Principal ComponentAnalysis (PCA) on
shapeand texture separatelyignoring the correlationbe-
tweenshapesandtexturesin the databaseStill, we will be
ableto learncorrelationdetweershapeandtexturein facial
attributesasdescribedn Section4.1

Thefollowing algebras describednly for shapeandap-
pliesto texturein the sameway. Giventhe datasebf shape
vectorsS;, let S= n%éi";ls be the meanshapevector and
X the datamatrix formedby columnsxj = S§;  S. The co-
variancematrix of the datais de ned by C = 1xXT, and
PCA performsa diagonalizatiorC = Udiag(s?) U", where
the columnsu; of the orthogonalmatrix U arethe principal
componentsand the eigervaluesare the squaredstandard
deviationss; alongtheprincipalcomponentsThisdiagonal-
izationcanbecomputedy a SingularValueDecomposition
of X:

X = UWVT; @)
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with adiagonalimatrix W = diag(w;) andanorthogonama-
trix V. SubstitutingX in the de nition of C, we obtainthe
standardieviationss; = pLw;.

Transformednto the orthonormabasisof principalcom-
ponentsshapevectorscanbewritten as

S=3iqu+S: 3)
Eventhoughmostof theoperationsn thefacemodelingsys-
temwork onthe shapeandtexturevectorsS, T directly, the

basisof principalcomponentss essentiafor the following
algorithm.

4.1. Learning Attrib utesfrom Examples

This sectiondescribeshow to learna vectora from exam-
ples,suchthataddingmultiplesof a to agivenfacechanges
a speci c attribute while leaving all otherindividual char
acteristicsunchangedOn 2D data,an intuitive methodfor
nding ais to computethe averagegprototypes)f classes,
suchasmaleandfemalefacesandto usethedifferencevec-
tor betweertheseprototypedRP99. For graduallyvarying
attributes, suchas body weight, a generalizednethodhas
beenproposedBV99], basedon a weightedsumof exam-
ples.In this sectionwe derive this techniqueérom a general
statisticalapproachanddiscusst in moredetail, asit is the
basisfor theconstraineanodi cation paradignpresentedh
thefollowing section.

Let x; be a setof samplevectors(shapeor texture), and
b 2 R be the ratings of a given attribute, such as body
weight, for these3D facesb; canbe eithergivenasground
truth, e.g.for age,or basedn subjectve ratingsby theuser
We have foundthatthe learningapproactpresentedn this
sectionpicksuptrendsin ratingsreliably, sotheratingsmay
be spontaneouand do not requiretoo much care.Without
loss of generality we assumethat the meansof x; andb;
arezero.Neitherthe vectorsx; northeratingsb; have to be
scaled.

Our approachis to estimatethe function f that assigns
attribute valuesto faces andthenfollow the gradientof this
function in orderto achieve a given changein attribute at
aminimal, mostplausiblechangein appearanceGiventhe
limited setof data,we choosea linearregressiorfor f, and
minimizetheleastsquaregrror

m
E= & (foa) b)* (4)
i=1
According to Riesz representatiortheorem,ary linear
functional f canbe written in termsof a dot productwith
somevectora. As we demonstratéaterin this section,the
gradientof f critically depend®nthechoiceof thedotprod-
uct. Intuitively speakingthe dot productde nes the crite-
rion for thedirectionof steepesascenbr descentn f. The
canonicaldot productof two vectorsy, y is the well knovn
functionhx;yi = &;Xy; relatedto theL, norm.In contrast,
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-3a -a average +a +3a
-a original +a
-w average +w
Figure 3: Top row: attributes sud as gender can be

changed by addingor subtracting multiplesof the attribute
vectora to the aveliage face Secondow: if appliedto an
individual face characteristics sud as the shapeof the
mouthare retained.Bottomrow: simply adding the gradi-
entr f = w, which de nesthesteepesslopeof theattribute
in Lo-norm,would affectindividual featuies.

we de ne adotproduct

hGyim = hC i ®)
which is relatedto the Mahalanobiglistanceandthe prob-
ability densityestimatedby PCA. In Mahalanobidistance
kxkpm = hx; xi v, distancesremeasuredelative to the stan-

dard deviation obsered in the datasetof examples.Let
f(x) = hx;aim, so

m
E= §(w;aim b)2=kx'C a bk’®=min (6)
i=1
with thedatamatrix X andb = (bq;:::; bn)T. Usingthe Sin-
gularValueDecompositior(2), we obtain

E = k(uva)T(%uwzuT) a bk?;  (7)

whichsimplies toE = km VW UTa bk?. Theoptimal
solutiona canbe found usingthe Pseudo-Iwerse,which is
easyto computeheresincethe problemis alreadydecom-
posednto orthogonabnddiagonalmatrices:

(mvw uh* = LowvT= 1x. (8)
m m
SO
_1l,, 13
a= aXb = aa bix; ; 9

which is simply a weightedsumof the input vectors.lt can
be shavn that f(x + kaz a) = f(x) + 1 for ary vectorx,
andthatthedirectiona de nesthesteepesascenbr descent
in termsof MahalanobiglistanceTheresultof addingmul-
tiplesof ato facess shawn in thetop two rows of Figure3.

masculine average high eyebrawvs

additive constrained

Figure 4: Effect of constained combination.Top row: the
shapeattributes “masculine” and “high eyebiows” have
partly con icting effectson the avelage face The mascu-
line face haslow eyebows, while the face with high eye-
browsappeas feminine Unlike the additivesolution,where
theattributespartly cancelout (bottomleft), theconstained
combinatiorretainsthe selectednasculineappeaanceand
eyebiow distance(bottomright).

In orderto motivatethe useof the dot producth iy, con-
siderthe sameproblemwith the standardlot productwhich
will leadto avectorw differentfrom the previoussolution:

f(x) = h;wi; E=kxX'w bk®=min:  (10)

This canbesolvedusingthe Pseudo-IerseX '+ of X
w = X"*b. For manipulatingattributesof faceswe would
then add multiples of the gradientr f = w. This vector
achieresthe desiredchangein f(x) evenwith a very small
effect on shapeandtexture in termsof L,-norm, which is
hardlyvisible (seeFigure3 bottomrow). However, if larger
multiplesof w areaddedfor moreperceptiblechangesindi-
vidual characteristicareno longerretained.

For eachattribute, we estimatevectorsa both for shape
andtexture,andtheusermayapplybothof thematthesame
time. Our method,therefore capturescorrelationsbetween
shapendtexture,suchasthefactthatmasculineversusfem-
inine featurescanbe found bothin shapeandin texture, or
thatfaceswith bright skin compleiion mightdiffer in shape
from darlerfaces.

4.2. Enforcing Constraints on Faces

Previous systemsfor face modeling have relied either
on morphing betweenexisting example faces,or additve
changeghataddmultiplesr 2 R of vectorsa: x 7! x+ ra.
Dealingwith correlatedattributes,howvever, thesemethods
aresuboptimal asdemonstratethy the following example:

¢ TheEurographic#ssociationrandBlackwell Publishing2006.
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Figure 5: Applyingconstaintsto examplefaces.Top row:

original faces Bottomrow: transformedaceswith common
settingsfor skin color, obesity mouthwidth, and eyebiow
bushiness.

gendeiis correlatedvith the distancebetweereyesandeye-
brows, andif theuser rst selectsavaluefor masculineap-
pearancandthenlifts theeyebravs,theresultwill look less
masculinethandesired seeFigure4 (bottomleft). As are-
sult, the userwould have to re-adaptattribute valuesin an
iterative procedureln contrastour methodretainsthe mas-
culineappearanchby restrictingsubsequennodi cationsto
the residualsubspacef shapesand textures.Higher eye-
brows arecompensatedutomaticallyby a moremaleover
all shapeasshowvn in Figure4 (bottomright).

In our system,the usermay decideto x attribute val-
uesasconstraintfor subsequentperationsafterhe hasse-
lecteda facefrom the databaser appliedmodi cations al-
ready After eachsubsequertiperationpur systemwill then
mapthe facebackto the residualsubspacele ned by the
constraintsMoreover, our systemransformsll facesn the
databaséo meettheseconstraintgseeFigure5), sotheuser
may selectsubsequerfacesor facialfeaturesrom achoice
thatis automaticallyadaptedo his settings.

Let xg be the shapeor texture value of the currentface
(after subtractinghe mean without loss of generality).For
eachattribute j, j = 1:::N, we computethe currentvalue

bj = MXo;ajim (11)
Thesevaluesarestoredascurrentsettingsandenforcedon
otherfaces.In thefollowing, we describethe algorithmfor
mappinga new facex to the closestelementx? that meets
theconstrainmxo; ajim=bj, j= 1:::N.

Constrainedattributes j are re-adjustedo valuesb; by
addingmultiplesr; to thecurrentheadvector:

N
= x+ § rjay (12)
=1
Then,the setof constraintss
N
bj = hx+ & rkag ajim (13)
k=1
N
= hajim + a re hagajiv: (14)

=1
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eyes nose

mouth,chin, cheeksgars compositeface

Figure 6: Adaptingour systento local populations.From
single photayraphsof three Afro-Americanindividuals (top
row and bottomleft), wereconstructe®D modelsusingthe
3D datasetof 199 Caucasiarfacesand oneAsianface The
compositdace (bottomright) is built fromfacial featuesof
thesethreeindividuals.

Our algorithm solves this systemof equationsfor ry, and
computestheoutputfacexO usingEquation(12).

Note that for computingdot productssuch as hx;ai y,
an explicit computationof the high-dimensionalmatrix
Cc lis not required,due to the decompositionof C into
lower dimensionaimatricesobtainedfrom PCA: hx;ai pm =
h;C tai = oUW 2UTai = W WUTx;w UTai.

4.3. Manipulation of Facesin Images

An importantpartof the proposedystemis thereplacement
of facesin givenphotographsThisis achiezedby tting the
morphablemodelto animage,which givesan estimatenot
only of the original head,but alsoof all relevant rendering
parametersuch as poseand illumination [BSVS04. The
preprocessingtepof the backgroundmagesrequiresman-
ualclicking of 5—15featurepoints,suchasthetip of thenose
or the cornersof the mouth.Using the estimatedendering
parametersthe new faceis renderedautomaticallyinto the
image.Themethodincludesabackgroundctontinuatiorstep
thatremovesthe silhouetteof the original facefrom theim-
age,andsomesemi-automategdrocessingf theforeground
hair.

4.4. Adapting the Model to Local Populations

The currentdatabasef 3D scanscontains199 Caucasian
facesandoneAsianface,with anequalnumberof maleand
femaleindividuals.Dependingon wherethe systemis used,
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S; (PHANTOM) Si (own)

S (PHANTOM) S (own)

S (PHANTOM) S (own)

S (PHANTOM) S (own)

Figure 7: Resultsof userstudy Two target persons(T; and T,) havebeenshownface-to-faceto four souice persons(S$,—%;)
for a duration of 60 secondsThesourcesdescribedthe target facesafter a delayof half-a-dayup to oneday. A professional
forensicartist usedthePHANTOM PROFESSIOMLxp® systenfUNI05 andAdobePhotoshoff for post-pocessindo create
thecompositemagesindicatedby thekeyword PHANTOM in about2—3hours ead. Theimagescreatedwith our ownappmoach

tookaboutl.5-2hours ead.

it will be desirableto adjustthe choiceof facesto the local
population.

The systemproposedn this papercanbe extendedeas-
ily to cover awider rangeof faceswithout collectingmore
3D scans.Given a setof single photographof additional
faces,we reconstruct3D modelsby tting the morphable
facemodel[BV99] andincludethese3D facesfor selecting
segments.Even thoughthe reconstructeghapesarein the
linear spanof the original databasethe methodproduces
faithful reconstructionsghat capturethe detailsof the new
facesln termsof texture,mappingthe color valuesfrom the
imagego themodelusingillumination-correctedextureex-
tractionasproposedn [BV99] addsnew dimensiongo the
vectorspace Figure6 demonstratethattypical featuresof
facescanbe transferredo the compositeémagegiven only
singleimagesof new individuals.

5. Results

To evaluateour systemwe conducteduserstudyinvolving
four sourcepersonqS; andS; female,S, andS, male,age
range25-55years)andtwo targetpersongT; male, T, fe-
male,agerange25-30years)unknavn to eachother Each
tamgetpersorhadbeenshavn face-to-aceto two sourceper
sonsfor adurationof 60 secondsAfter adelayof half-a-day
upto oneday all sourcepersongarticipatedn reconstruct-
ing the tamet facesusing both our systemand the PHAN-

TOM PROFESSIOMLXp ¢ system[UNIO5] accordingto
thefollowing schedule:

target source afterhalf-a-day afteroneday
T S own PHANTOM
T1 S PHANTOM own
T S PHANTOM own
T S own PHANTOM

Thesourceslescribedhetametfacego the operatorof the

systemsand provided feedbackon the intermediatestages
during the process.The operatorsdid not know the tamget

persons.

A forensicartistwith a professionabackgroundof hav-
ing createdmorethan2000compositefacialimagescreated
imagesof thetargetfacesusingthe PHANTOM systemand
Adobe Photoshojj for post-processingin the processa
faceis crudelyassembledrom partsof facesn thedatabase
of thephoto t systemandthenimportedinto theimagepro-
cessingsystemfor the nal touchesEachcompositémage
hasbeencreatedn about2—3hours.

In contrast,our systemwasoperatecby computerscien-
tists who naturallylack the forensicprofessionab psycho-
logical backgroundand nesse in conjuring up a detailed
imageof thetargetfacebeforethesources mentaleye. Since
thevariety of hair stylesin our systemwasnot sufcient for
the sourcesto nd a satisfyinghair style, we interactiely
createdhair style imagesaccordingto the sourcesdescrip-

¢ TheEurographic#ssociationrandBlackwell Publishing2006.
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tions using an image editing program.It took on average
1.5-2hoursto createeachtargetfacemodel.

A comparisorof the resultscreatedoy both our andthe
commercialPHANTOM systemis shovn in Figure7. The
overall quality of the resultsshaws that creatingrecogniz-
ablecompositegrom sourcedescriptionss a hardproblem.
In their experimentd_augheryandFowler [LF80] compared
the quality of sketchesto identi-kit compositesand con-
cludedthatthe identi-kit techniqueitself wasthe mainlim-
iting factor The extensize useof AdobePhotosho by the
forensicartistexcludesthis reasonBoth for thecommercial
productoperatecdby the expertand our systemoperatechy
laymen,the main constraintwasthe sources'imited ability
for accurateecallratherthanthe e xibility of thesystem.

For both target faces the forensicartist considereda re-
constructionwith our systemthe best(S; for Ty and S3 for
T,, exceptfor themissingearrings) andstatecthathe antic-
ipatedthemto be helpful in arealinvestigation. In particu-
lar, hejudgedour resultsassuperiorin termsof overall face
shapeandshapeandpositionof facialfeatureqeyes,nose,
mouth).He alsoappreciatedheintuitivenessandcontinuous
variability of the attribute sliders.

Onesourcepersorfavoredthe PHANTOM systemwhile
the otherthreesourcedelt more comfortablewith our sys-
tem. Onereasonfor their preferencewvas the fact that the
professionatompositeshaved a staticfront view only. Al-
thoughin the PHANTOM systemit is theoreticallypossible
to alsocreateanadditionald0 view of theface thisrequires
the database€o be presentin a secondside-fice version.
Evenif this had beenthe casein our forensicartist's ver
sion,it would have beerverytime-consumingsinceall post-
processingstepsfor the front view mustbe executedanalo-
gouslyfor the sideview. The sourcesalsomissedthe possi-
bility to replacefacial featuresduring the post-processing
without loosing all intermediatesteps.Somesubjectshad
problemswith thedatabasepproactin generalOnesource
complainedthat “having seenso manyother faces|in the
database]l can't recall what's right or wrong anymoeg”,
while anothersaid: “Despitethe huge amountof facesin
thedatabasel wasnt ableto nd theright eyes:| couldnt
imaginewhatall thoseeyeswouldlooklikein thefacel was
goingto describe’

We found indeedthat mostof the statement®f sources
were of the type "male the nose wider', so the slider
interfaceturnedout to be more appropriatein mostof the
reconstructiorprocesghanthe standarddatabaseselection
of the professionasystemshatour softwarealsooffers.

Renderingthe compositefaceinto an imageof a simu-
lated crime scenematchingthe experienceof the witness
(asin Figuresl and 8) will setthe faceinto proportionto
its surroundingsand may thushelp the sourceto remember
valuabledetail.
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Figure8: Theperpetator'sfacehasbeenreplacedyaface
modelcreatedwith our systemTheunderlyingmentalimage
is shownasaninsetin Figure 1.

6. Conclusionsand Futur e Work

Creatingrecognizabldacial compositeds a dif cult prob-
lem dueto the inadequag of the humanbrainwith respect
to facerecall. Themainadwantageof our systemis that,due
to the underlying statisticalmodel, it supportsthe userin
bringing his mentalimageto the screenwithout restraining
him. For overall editing operationsthe programpresents
the mostprobablesolutionwhile leaving the userthe free-
domto overridethisresult. Thesystemis intuitive to control
and ne-grained.The useralwaysworkswith anentireface
andhenceneednotconsideiisolatedfacialfeaturesViewing
the compositefacemodelfrom several directionsis helpful
whende ning the overall faceshape whenediting silhou-
ettefeatures,or to simulatea different perspectie, for in-
stancepf asmallpersordescribingatall man.By de nition
of the morphablemodel,facemodelsof a singletargetcre-
atedfrom several sourcescan be morphedeasily to obtain
weightedcombinations.

Psychologicalstudiesindicate that humanmemory for
facesis affectedthroughretroactve interferencef subjects
are exposedto imagesof differentfacesbetweenthe study
andtestphase[DCL81]. Therefore,we reducethe variety
of facesour sourcesare exposedto by adjustingthe exam-
ple facesto meetthe userspeci ed constraints Moreover,
wrong cluesaboutfeaturesof the tamget faceinterferewith
thesourcestecollectionsigni cantly [JD85. Ourtechnique
accountsfor this by shaving at arny time the most plau-
sible face accordingto the correlationestimatedfrom the
database.
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Our controlexperimentwith an experiencedorofessional
who wasoperatingcommercialsoftware shavs that, appar
ently, the problemof reconstructingacess intrinsically dif-
cult, having seentheseunknovn facesfor only 60 seconds
anddescribingthem half-a-dayor one day later The com-
parisonof the resultsindicatesthatthe limiting factoris the
de ciency of humanconsciousnessith respecto exactrec-
ollection of faces not the accurag of our system.The pos-
itive reactionsof the forensicartistandthe sourcesndicate
thatour systemhelpsto obtainbetterfacial compositesn a
lesstediousprocess.

For addingdetailssuchasbirth marks,scars,or jewelry,
we currentlyproposeo follow theforensicartist's approach
and nish an image of the completedheadin the desired
view usinganimageediting program.Especiallyfor com-
puter games,however, it would be desirableto have data
basesof suchaccessoriesind facial particularsas well as
beardsandhair stylesin 3D, in orderto beableto addsuch
detailatary stageof thecreationprocessandto allow views
of the nal compositeheadfrom ary direction.

Using a similar approach,one could generatephoto-
spreadsor identi cation of suspectdy witnessesTypically,
aphotospreadonsistf a pictureof thesuspecend veto
ninemoreor lesssimilar” llers”. Thesellers couldbegen-
eratedby de ning constraintsfor the mostprominentfea-
turesof thesuspectsuchasnosecurvaturefor avery hooked
noseandvaryingtherestof thefaceby constrainedandom
permutation.
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