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Abstract

This paper presentsa systemfor simultaneouscapture of
video sequence®f face shapeand colour appeaance
Shapecaptue usesa projectedinfra-red structued light
pattern together with stereo reconstructionto simultane-
ously acquire full resolutionshapeand colour image se-
guencesat videorate Displacemenimappingtecniques
are introducedto representdynamicface surfaceshapeas
a displacementideo. This unifiesthe representationof
face shapeand colour The displacemenvideorepresen-
tation enablesefiicientregistration, integration and spatio-
tempoal analysisof captured face data. Resultsdemon-
strate that the systemachievesvideo-rate (25Hz) acquisi-
tion of dynamic3D colour facesat PAL resolutionwith an
rmsaccuracyof 0.2mmand a visual quality compaableto
the capturedvideo.

1. Intr oduction

Theacquisitionof realisticandaccuratenimatedacemod-
elshasreceved considerablénterestover the pastdecade.
Potentialapplicationsinclude entertainmentcommunica-
tion, medicalanalysisandfacialbiometrics.Producingcon-
vincing 3D animatedmodelsof facial dynamicsfor speech
and expressionds a difficult problemdueto the sensitv-
ity of humanperceptiornto the nuancef faceappearance
andmovement.In the entertainmenindustryhighly realis-
tic animatedfacemodelshave beenachieved for film pro-
ductionbut requiremonthsof skilled manualanimationto
obtainbelievableresults. Researctin computervision has
addressethe problemof reconstructindacemodelsof real
peoplefrom imagesusingboth active and passie sensing.

Currentapproachegnableeitherreconstructiorof arealis-
tic facemodelfor a singlerigid poseor reconstructiorof

the movementof sparsefacial features. To datethereis

no solution which allows simultaneouscaptureof the de-
tailed shapedeformationand colour appearancef a real
faceduring speechor expression. In this paperwe intro-

ducea novel capturesystemwhich achievesvideo-quality
3D reconstructiorof realfacesasshavn above. Thisis the
first systemto demonstratsimultaneousideo-ratecapture
of shapeand appearanceThe capturedmodelsprovide a
startingpoint for modelling and analysisof facial surface
dynamics.

Recentresearchhasresultedin systemsfor video-rate
dense3D shapeacquisitionusingbothactive [10, 14, 15, 9]
andpassie [7, 11, 17] techniquesDueto the uniform ap-
pearanceof large regions of the face, passie techniques
such as multiple view stereo[7] can not reconstructac-
curateshape. Active sensorsproducerelatively accurate
high-resolutiorsurfacesmeasurementsut requirethe pro-
jectionof avisible patternontothe objectsurfaceprohibit-
ing simultaneousaptureof surfacecolourappearancelhe
sensortechnologyintroducedin this paperusesinfra-red
structuredight to allow simultaneouscquisitionof high-
resolutionshapeandcolouratvideoframerates.

Passve facereconstructiortechniquesave beendevel-
opedto reconstructanimatedmodelsof the facefrom im-
ageg2] andvideo[3, 16]. BlanzandVetter[2] usedlearnt
statisticalmodelsof 3D faceshapeand appearanceo re-
constructphoto-realistic3D facemodelsfrom a singleim-
age.Otherfacereconstructioni3, 16] usemodel-basetun-
dle adjustmentechniquego reconstructealisticstaticface
modelsfrom imagesequencesCurrentlytheseapproaches



arelimited to reconstructiorof staticfaceshapedor asingle
pose.

Pighinetal.[13] usedmarker basedcaptureto accurately
reconstructhe movementof a sparsesetof 3D pointson
the facesurface. The marker movementwasthenusedto
morphafacemodelreproducinghecoarseacialdynamics.
To overcomethelimitation of sparseeconstructiorKalbera
andVan Gool [6] combinemarkerswith active structured
light captureto acquiredensefacial shapedeformationfor
animation.Dueto the useof visible markersandstructured
light previous approacheslo not allow simultaneouscap-
ture of facial appearanceThe shapecapturesystemintro-
ducedin this paperusesinfra red structuredight to allow
simultaneousaptureof shapeandappearanceAutomatic
facialalignmentis usedto avoid therequiremenfor known
marker correspondence.

2. Video-rate Capture

In this sectionwe presenthe active sensortechnologyde-

velopedto allow simultaneouwideo-ratecaptureof shape
andcolour. Infra red (IR) structuredight illumination to-

getherwith IR stereoacquisitionis usedto captureshape.
Colour is capturedsimultaneouslyusing the visible spec-
trumwith uniform white-lightillumination.

2.1 Capture System

Figurel shavs aschematiof the capturesystem.Thesys-
tem compriseghreeunits eachcapturingshapeand colour
at video-ratedesignedto give earto-ear face coverage.
Eachunit comprisesa colour camerajR projectorandtwo
IR cameras.

Figurel: Schematiof the captureequipment

Shapés capturediusingactive projectionof arandomdot
IR structuredight patternontoto the facetogethemwith IR
stereacapture.Stereacorrespondends thenusedto recon-
structthe surfaceshapeproviding a single-shotshapecap-
turetechnology IR light is projectedusinga corventional
slide projector (NOBO SPlI) fitted with an IR-passfilter
(Hoya R72) which eliminatesprojection of visible light.
Patternprojectionis achievedby fitting eachprojectorwith

a 35mm slide containinga randomdot pattern. The pro-

jectedpatternis invisible to the humaneye. IR stereoim-

agecaptureusesSory XC8500cameraditted with thesame
IR-pasdilters (HoyaR72)giving progressie scanPAL res-
olution (768 x 576) at frameratesup to 50Hz. Figure 2

shaws overlapof the CCD responsandIR filter transmit-
tancecharacteristics.

CCD LIMIT

Figure 2: Spectraldistribution of the infra red filters and
Sory XC8500CCD sensitvity

Colour captureusesSory DXC9100P 3CCD cameras
to acquireprogressie scanPAL resolutionvideo at frame
ratesup to 50Hz. The colourcamerashave a built in IR-cut
filter which preventstheprojectedR illuminationdistorting
the colourimages.Uniform white-lightillumination of the
faceis achieved using‘cold’ fluorescentights, this avoids
the projectionof additional IR illumination onto the face
whichwould saturatehe projectedpattern.

All camerasare synchronisedvia a commongenlock
synchronisatiopulse.Capturedrideoframesarealsotime-
codedto checkfor droppedframes. Currentlythe system
operatestfull PAL resolution25Hzprogressie scanusing
standardPAL videocapturecards.Figure3 shovsatypical
setof capturedmages.3 IR stereopairsand3 colour, of a
persondace.Calibrationof all camerass performedusing
public cameracalibrationsoftware,Zhang[18], to estimate
intrinsic andextrinsic parametersCalibrationgivesanrms
re-projectiorerrorof lessthan0.5 pixelsacrosghe capture
volume.

2.2 StereoSurface Reconstruction

For eachpair of IR camerasve estimatestereocorrespon-
denceandreconstructhe visible surfaceshapein the fol-
lowing steps:

1. Rectification: Imagesare rectifiedto align the epi-
polarlineshorizontallybetweernviews.

2. Coarsecorrelation: Coarsewindow matchingalong
epi-polarlines usinga 13 x 13 window at every nt"
pixel (n = 5)

3. Dense adaptive correlation: Adaptve window
matchingalong the epi-polarline to identify all cor-
relation peaksabove a thresholdvalue (0.75). Win-
dow sizesarevariedbetweerb x 5 in regionsof high-
gradientg > 0.8 upto13 x 13 in regionsof low gradi-



entg < 0.2 with correspondingntermediatenvindow
sizesof 7,9 and11.

4. Neighbourhood consistency:All pixelswith asingle
correlationpeakareacceptedpixelswith multiple cor-
relationpeaksareresohed basedon consisteng with
adjacenpixelsfor asmoothsurface.

5. Bi-dir ection consistency: Only pixels with the same
correspondencmatchingfrom left to right imageand
rightto left imageareaccepted4].

6. Sub-pixelsdisparity estimation: A quadraticfunc-
tion is fitted to the correspondencestimatesver a 5
pixel neighbourhood.

Figure3: CapturedR steregpairsandcolourimages

The stereocorrespondencalgorithm is basedon the
adaptve window technique[12] that changeghe window
size accordingto the local disparity gradient. As the IR
imageshave a densetexture patternwe usea two passap-
proachwhich givesimprovedcomputationakfficiengy and
reliable correspondence.lInitially we use a coarsepass
of the imagewith a relatively large window sizeto esti-
matecorrespondencat every nt* pixel. Normalisedcross-
correlationis usedto measurémagesimilarity. Coarsecor-
respondencé usedto estimatethe local surfacegradient,
g, with-respecto the stereoviews, where) < g < 1. A
secondletailedpasss thenperformedat every pixel adapt-
ing the correlationwindow sizeaccordingto thelocal sur
facegradient,g. The useof adaptve window sizesgives
accuratecorrespondencaccordingto local surfacegeome-
try minimisingthe effectsof errorsdueto noiseandsurface
orientation.

Neighbourhoodtonsisteng is usedto resolve ambigu-
ities wheremultiple correlationpeaksare found. Initially
pixels with only one peakabove the correlationthreshold

Figure 4: 3D surface points reconstructedrom stereo.
(28002pointsin total.)

areacceptedCorrespondencir adjacenpixelswith mul-
tiple peaksarethenresolhedto be consistentvith asmooth
surface. Stereocorrespondencéetweeneachpair of IR
cameragesultsin threesetsof surfacemeasurementsap-
turedatvideo-rateasillustratedin Figure4.

3. Dynamic Surface Representation

The capturesystemacquiresmultiple setsof facial surface
measurementaith correspondingolourimagesat video-
rate. In this sectionwe addresghe problemof integration
of surface measurementsito a single representatiorand
temporalregistrationof facesequences.

3.1 DisplacementMapping

Displacementmapping representsthe detailed surface
shapeasdisplacementbetweenra simplesurfaceprimitive
(plane,sphere cylinder) andthe detailedsurface. The as-
sumptionis that a uniqueone-to-one(bi-jective) mapping
exists betweenthe detailedand primitive surfaces. In this
work anellipsoidalsurfaceprimitiveis usedwhich provides
asimplemappingbetweerthe captureddataanda 2D ‘dis-

placemenimage’ domain. The ability to accuratelyrepre-
sentdynamicfaceshapds verifiedin section4.

An ellipsoidis definedby thelocationof its centre, to-
gethemwith the magnitudeanddirectionof thethreeorthog-
onal axis vectors, giving 9 degrees-of-freedom
(6 poseand 3 radii). At eachframe we capturea set of
face surface measuremenpoints = ! where

= . For thefirst frame = 0 we assume
that the faceis roughly alignedwith the world coordinate
systemso that the frontal directionis looking towardsthe
positive z-axis. The ellipsoid’s centreis then definedas

= n n n and

the three axis are alignedto the world coordinatesystem
with lengths =2 x =2x . Temporalregistra-
tion, presentedn section3.3,is usedto definetheellipsoid
centreand axesin subsequenframes, * , from
theestimatedacepose(rotation,translation).



A sampled displacementmap image representation,

p for = 1. , = 1. , of the
surface shape for each frame is then computed by
sampling the distance to captured data along equi-
angular rays from the ellipsoid centre: =
where =

, = — , and

= = —. Theray provide anon-uniform
sampleof the ellipsoid surface suchthat thereis greater
samplingin the centreof the faceasillustratedin Figure
5. The measuredurfaceis representedby a displacement
image by samplingthe distancefrom the ellipsoid
centre ; to the measuredlataalongeachray such
that the intersection with the measuredsurfaceis given

by = ¢ t

Figure5: Mappingthe geometryof afaceto anellipsoid

To intersectheray with the surfacewe first com-
putea discontinuityconstrainedriangulation[5]. This tri-
angulateghe measuredurfacepointsfor eachstereopair

into a triangulatedmesh , basedon their
adjaceny in the stereodepthmap. Adjacentpoints are
connectedonly if the distancebetweenthemis lessthan
threetimesthe spatialsamplingresolution(minimum dis-
tancebetweenadjacentpoints). This providesa consera-
tive triangulatiorwhich approximateshelocal surfacecon-
tinuity but doesnottriangulateacrossdepthdiscontinuities.
Foreachmesh , thedisplacemenimage , is con-
structedsamplingthe distancealongtherays

3.2 Integration of FaceShapeand Colour

Two problemsmustbe addressedo obtaina single model
for eachtime frame: integration of multiple view surface
measurements , from eachsteregpair; andintegrationof
colourimagesnto asingletexturemap.Having constructed
adisplacemeninaprepresentation , for eachstereo
pair the problemis to combinetheminto a single surface
representationT hedisplacemenimagerepresentatiopro-
vides a simple mechanisnfor integration of overlapping
surface measurementby combining their corresponding
displacementalues:

¢ = t t 1)
where = 0 if no surfacemeasuremeris obtained
along ¢ for the " stereopair, otherwise ‘ is

proportionalto the confidencen the surfacemeasurement
and ¢ = 1. This providesa computationallyef-
ficient methodfor fusion of the facesurfacemeasurements
into a single facesurfacerepresentation ; . Thein-
tegratedface displacementnap can be renderedas a sin-
gle triangulatedmesh ; by triangulatingadjacentpixels
in the displacemenimage andre-projectingalong
thecorrespondingays to obtainthevertex positions:
=t t .

The elliptical mappingalso providesan efficient mech-
anismfor integrationof the threecolourimagesinto a sin-
gle texture map. The registrationof the three colour im-
ageswith the reconstructedsurface shapeis known from
thecolourcalibrationgiving overlappingiexturemapsfrom
eachimage . The problemis thento integratedthe
texture mapsin the overlappingregions. Initially we cor-
rectfor differencesn cameracolour responsey fitting a
linearmodelof thegainandoffsetbetweeroverlappingre-
gionsof the texture imagesrelative to the centralcamera:

¢ = 4 + Where and , are
thergb colourresponsef the centreandoverlappingcam-
eras. The gain and offset parameterare ; ; areesti-
matedusingleast-squarefom the differencein colourre-
sponsef all overlappingpixels. Givenaccurateegistration
andcorrectionfor colourresponsasimpleblendingcolour
[8] of overlappingpixelsis thenperformed.

t = t t ¢ t (2)

where and , areweightsfor the centreand
overlap colour imagesrespectiely. Weightsare setsuch
thatin the centraland side faceregion only the centreor
sideimagesareusedgiving thehighestsamplingresolution.
Blendingthenoccursin two bands ih <
< and > 2

tn With = - and th = — giving a9
pixel blendingbandon eitherside. A half cycle of a sine
function over the blendingbandis usedto give a smooth
transition: and

=1 Figure 6 shaws results of
the shapeandcolourintegrationto reconstruct single3D
colourfacemodelat eachtime.

=-1 n

3.3 Temporal Registration

In this sectionwe introducean efficient methodfor tempo-
ral registrationof surfaceshapeto estimatethe headpose.



@) (b) (©) (d)

Figure6: Combiningtextureandshapé&o developthecom-
plete 3D face. (a) Displacementmap, (b) Texture map,(c)
3D shape(d) Textured3D face.

Temporalregistrationis usedto transformthe ellipsoid pa-
rameterateachtimeto obtainanaligneddisplacementap
representatioffior temporalanalysisof shapedeformation.
Variationsof the Iterative ClosestPoint (ICP) algorithm
[1, 15 arewidely usedfor surfaceshapeegistrationto esti-
matetherigid transformation ; betweentwo surfaces
and . ICPiteratively estimateghetransformation by
minimising the sumof nearespoint distancebetweenthe
surface ; andthetransformedsurface ; . Thecom-
putationalcostis primarily dependanon the costof evalu-
ating closestpoint computationdbetweenoverlappingsur
facesin . Volumetric partitioning schemesuchas oc-
treeshave previously beenusedto reducethe compleity to
for pointsearches.
In thiswork we usethe displacementnaprepresentation

to computeapproximateclosestpointsfor overlappingsur

faceregionsin constantime. Thedistance between
two surfaces and atpoint for anesti-
matedtransformation is takenasthe differenceof their

displacemenwalues: =
which requiresa simple lookup of the correspondinglis-
placementimage pixels. This reducesthe computational
compleity of registrationto belinear in thenumber
of overlappingpoints

ICP usingthe displacemenmapdistanceis usedto re-
cursiely estimatethe changein headposebetweensuc-
cessie frames ; ;. An estimateof the transforma-
tion betweenthe initial poseandthe t* frame canthen
be obtainedasthe productof intermediateransformations

= ¢ . Theinitial estimateis refinedby di-
rect ICP registration betweendistancefunctions
and ; to eliminatepropagatiorof errors. The
estimatedpose ; is usedto definethe ellipsoid parame-
tersattime as ¢ =, t= , giving
aregistereddisplacemenimage . Thisregistration
forms the basisfor subsequentemporalanalysisof non-
rigid surfaceshapechange.

3.4. Temporal Filtering

Thedisplacemeninaprepresentatiotogethemwith tempo-
ral registrationprovidesanimagesequencef surfaceshape

andappearancever time. This representatioganbe used
to analysethe spatio-temporatharacteristicef faceshape.
Initial work hasaddressedhe problem of noise removal
from the capturedshapedata. In this work we usetem-
poralaveragingto improve estimatedor non-rigidsurfaces
by removing noise. As the surfacesare registeredwe en-
surethat correspondingpoints are averagedover time. A
spatio-temporaindow of n x  x  wheren x and

arespatialandtemporalresolutionrespectiely. Spatio-
temporalsmoothings performedby cornvolution with afil-
ter

t = t (3)

where is a Gaussiarsmoothingkernel. Figure7
shaws the shapereconstructiorfor framesfrom a sequence
with and without temporalsmoothing. Resultsshav that
temporalsmoothingreducesneasuremenioisein individ-
ual frameswithout significantlossof spatialresolution.

(a) beforefiltering

(b) afterfiltering

Figure7: Temporalfiltering with awindow of size5.

4. Results

The dynamicface capturesystemhas beenusedto cap-
ture a databasef 51 peopleperformingfacial expressions
and speech. Figures8 and 9 shav typical sequencese-
constructedor two peoplé. Resultsdemonstrate¢hat the
ellipsoidal displacemenmap representatioiogetherwith
temporalregistration successfullyintegratesand registers
thenon-rigidfaceshapdor awide variety of facialdynam-
ics captured. Shapereconstructiongives an rms error of
approximately0.2mmfor surfacemeasuremenrerror esti-
matedbetweersuccessie frames.Reconstructiortime for
integration,temporalregistrationandfiltering is lessthanl
secondperframeon a PentiumIll900MHz machine.
1pleaseseevideoof resultssubmitted.




Figure8: 3D Reconstructionsf facialspeech

Figure9: 3D Reconstructionsf facialexpressions

5. Conclusion

In this paperwe have introduceda novel systemfor simul-
taneousvideo-ratecaptureof densefaceshapeandcolour.
Infra-red structuredlight illumination togetherwith stereo
is usedto measurdaceshape. This work overcomedim-
itations of previous video-rateface measuremensystems
which use visible structuredlight patternprojection and
markers. A novel displacemenimagerepresentatiobased
on anellipsoidalmappinghasbeenintroducedfor efficient
integration and temporalregistrationof face shape. This
providesaunifiedrepresentationf dynamicfaceshapeand
colour as a video sequenceof aligned displacementand
colourimages. Evaluationon the systemon a databasef
51 peopleperformingfacialexpressiongndspeecldemon-
stratesrobust captureand representatiorf facial dynam-
ics. Resultsshav that the capturesystemachiezesrecon-
structionof faceshapewith a visual quality comparablgo
thecapturedvideo. Futureresearclwill addresghe spatio-

temporalcharacterisationf facialdynamics.
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