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Abstract

This paper presentsa systemfor simultaneouscapture of
video sequencesof face shapeand colour appearance.
Shapecapture usesa projectedinfra-red structured light
pattern together with stereo reconstructionto simultane-
ously acquire full resolutionshapeand colour image se-
quencesat video rate. Displacementmappingtechniques
are introducedto representdynamicfacesurfaceshapeas
a displacementvideo. This unifies the representationof
faceshapeand colour. Thedisplacementvideorepresen-
tation enablesefficientregistration, integration andspatio-
temporal analysisof captured face data. Resultsdemon-
strate that the systemachievesvideo-rate (25Hz)acquisi-
tion of dynamic3D colour facesat PAL resolutionwith an
rmsaccuracyof 0.2mmanda visualquality comparableto
thecapturedvideo.

1. Intr oduction
Theacquisitionof realisticandaccurateanimatedfacemod-
elshasreceivedconsiderableinterestover thepastdecade.
Potentialapplicationsinclude entertainment,communica-
tion,medicalanalysisandfacialbiometrics.Producingcon-
vincing 3D animatedmodelsof facialdynamicsfor speech
andexpressionsis a difficult problemdueto the sensitiv-
ity of humanperceptionto thenuancesof faceappearance
andmovement.In theentertainmentindustryhighly realis-
tic animatedfacemodelshave beenachieved for film pro-
ductionbut requiremonthsof skilled manualanimationto
obtainbelievableresults.Researchin computervision has
addressedtheproblemof reconstructingfacemodelsof real
peoplefrom imagesusingbothactive andpassive sensing.

Currentapproachesenableeitherreconstructionof a realis-
tic facemodel for a single rigid poseor reconstructionof
the movementof sparsefacial features. To date there is
no solution which allows simultaneouscaptureof the de-
tailed shapedeformationand colour appearanceof a real
faceduring speechor expression. In this paperwe intro-
ducea novel capturesystemwhich achievesvideo-quality
3D reconstructionof realfacesasshown above. This is the
first systemto demonstratesimultaneousvideo-ratecapture
of shapeandappearance.The capturedmodelsprovide a
startingpoint for modellingandanalysisof facial surface
dynamics.

Recentresearchhasresultedin systemsfor video-rate
dense3D shapeacquisitionusingbothactive[10, 14, 15, 9]
andpassive [7, 11, 17] techniques.Dueto theuniform ap-
pearanceof large regions of the face,passive techniques
such as multiple view stereo[7] can not reconstructac-
curateshape. Active sensorsproducerelatively accurate
high-resolutionsurfacesmeasurementsbut requirethepro-
jectionof a visible patternontotheobjectsurfaceprohibit-
ing simultaneouscaptureof surfacecolourappearance.The
sensortechnologyintroducedin this paperusesinfra-red
structuredlight to allow simultaneousacquisitionof high-
resolutionshapeandcolourat videoframerates.

Passive facereconstructiontechniqueshave beendevel-
opedto reconstructanimatedmodelsof the facefrom im-
ages[2] andvideo[3, 16]. BlanzandVetter[2] usedlearnt
statisticalmodelsof 3D faceshapeandappearanceto re-
constructphoto-realistic3D facemodelsfrom a singleim-
age.Otherfacereconstruction[3, 16] usemodel-basedbun-
dleadjustmenttechniquesto reconstructrealisticstaticface
modelsfrom imagesequences.Currentlytheseapproaches
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arelimited to reconstructionof staticfaceshapefor asingle
pose.

Pighinetal.[13] usedmarkerbasedcaptureto accurately
reconstructthe movementof a sparsesetof 3D pointson
the facesurface. The marker movementwas thenusedto
morphafacemodelreproducingthecoarsefacialdynamics.
To overcomethelimitation of sparsereconstructionKalbera
andVan Gool [6] combinemarkerswith active structured
light captureto acquiredensefacial shapedeformationfor
animation.Dueto theuseof visiblemarkersandstructured
light previous approachesdo not allow simultaneouscap-
tureof facial appearance.Theshapecapturesystemintro-
ducedin this paperusesinfra red structuredlight to allow
simultaneouscaptureof shapeandappearance.Automatic
facialalignmentis usedto avoid therequirementfor known
markercorrespondence.

2. Video-rateCapture
In this sectionwe presenttheactive sensortechnologyde-
velopedto allow simultaneousvideo-ratecaptureof shape
andcolour. Infra red (IR) structuredlight illumination to-
getherwith IR stereoacquisitionis usedto captureshape.
Colour is capturedsimultaneouslyusing the visible spec-
trumwith uniform white-light illumination.

2.1. Capture System
Figure1 showsaschematicof thecapturesystem.Thesys-
temcomprisesthreeunitseachcapturingshapeandcolour
at video-ratedesignedto give ear-to-ear face coverage.
Eachunit comprisesa colourcamera,IR projectorandtwo
IR cameras.

Figure1: Schematicof thecaptureequipment

Shapeis capturedusingactiveprojectionof arandomdot
IR structuredlight patternontoto thefacetogetherwith IR
stereocapture.Stereocorrespondenceis thenusedto recon-
structthesurfaceshapeproviding a single-shotshapecap-
ture technology. IR light is projectedusinga conventional
slide projector (NOBO SPII) fitted with an IR-passfilter
(Hoya R72) which eliminatesprojection of visible light.
Patternprojectionis achievedby fitting eachprojectorwith

a 35mmslide containinga randomdot pattern. The pro-
jectedpatternis invisible to the humaneye. IR stereoim-
agecaptureusesSony XC8500camerasfittedwith thesame
IR-passfilters(HoyaR72)giving progressivescanPAL res-
olution (

���������	�
�
) at frame ratesup to 50Hz. Figure 2

shows overlapof the CCD responseandIR filter transmit-
tancecharacteristics.

Figure 2: Spectraldistribution of the infra red filters and
Sony XC8500CCD sensitivity

Colour captureusesSony DXC9100P3CCD cameras
to acquireprogressive scanPAL resolutionvideo at frame
ratesup to 50Hz.Thecolourcamerashavea built in IR-cut
filter whichpreventstheprojectedIR illuminationdistorting
thecolour images.Uniform white-light illumination of the
faceis achievedusing‘cold’ fluorescentlights, this avoids
the projectionof additional IR illumination onto the face
whichwould saturatetheprojectedpattern.

All camerasare synchronisedvia a commongenlock
synchronisationpulse.Capturedvideoframesarealsotime-
codedto checkfor droppedframes. Currently the system
operatesat full PAL resolution25Hzprogressivescanusing
standardPAL videocapturecards.Figure3 showsa typical
setof capturedimages,3 IR stereopairsand3 colour, of a
personsface.Calibrationof all camerasis performedusing
publiccameracalibrationsoftware,Zhang[18], to estimate
intrinsic andextrinsic parameters.Calibrationgivesanrms
re-projectionerrorof lessthan0.5pixelsacrossthecapture
volume.

2.2. StereoSurfaceReconstruction
For eachpair of IR cameraswe estimatestereocorrespon-
denceandreconstructthe visible surfaceshapein the fol-
lowing steps:

1. Rectification: Imagesare rectified to align the epi-
polarlineshorizontallybetweenviews.

2. Coarsecorrelation: Coarsewindow matchingalong
epi-polarlines usinga �
� � �
� window at every �����
pixel ( ��� � )

3. Dense adaptive correlation: Adaptive window
matchingalong the epi-polarline to identify all cor-
relation peaksabove a thresholdvalue (0.75). Win-
dow sizesarevariedbetween

�����
in regionsof high-

gradient������� � upto ��� � �
� in regionsof low gradi-
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ent �������! with correspondingintermediatewindow
sizesof

�
, " and �#� .

4. Neighbourhoodconsistency:All pixelswith a single
correlationpeakareaccepted,pixelswith multiplecor-
relationpeaksareresolvedbasedon consistency with
adjacentpixelsfor a smoothsurface.

5. Bi-dir ection consistency:Only pixelswith the same
correspondencematchingfrom left to right imageand
right to left imageareaccepted[4].

6. Sub-pixels disparity estimation: A quadraticfunc-
tion is fitted to the correspondenceestimatesover a

�
pixel neighbourhood.

Figure3: CapturedIR stereopairsandcolourimages

The stereocorrespondencealgorithm is basedon the
adaptive window technique[12] that changesthe window
size accordingto the local disparity gradient. As the IR
imageshave a densetexturepatternwe usea two passap-
proachwhich givesimprovedcomputationalefficiency and
reliable correspondence.Initially we use a coarsepass
of the imagewith a relatively large window size to esti-
matecorrespondenceat every ����� pixel. Normalisedcross-
correlationis usedto measureimagesimilarity. Coarsecor-
respondenceis usedto estimatethe local surfacegradient,� , with-respectto the stereoviews, where �$�%�&�'� . A
seconddetailedpassis thenperformedateverypixel adapt-
ing thecorrelationwindow sizeaccordingto the local sur-
facegradient, � . The useof adaptive window sizesgives
accuratecorrespondenceaccordingto local surfacegeome-
try minimisingtheeffectsof errorsdueto noiseandsurface
orientation.

Neighbourhoodconsistency is usedto resolve ambigu-
ities wheremultiple correlationpeaksare found. Initially
pixels with only onepeakabove the correlationthreshold

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

areaccepted.Correspondencefor adjacentpixelswith mul-
tiple peaksarethenresolvedto beconsistentwith asmooth
surface. Stereocorrespondencebetweeneachpair of IR
camerasresultsin threesetsof surfacemeasurementscap-
turedat video-rateasillustratedin Figure4.

3. Dynamic SurfaceRepresentation
Thecapturesystemacquiresmultiple setsof facialsurface
measurementswith correspondingcolour imagesat video-
rate. In this sectionwe addressthe problemof integration
of surfacemeasurementsinto a single representationand
temporalregistrationof facesequences.

3.1. DisplacementMapping
Displacementmapping representsthe detailed surface
shapeasdisplacementsbetweena simplesurfaceprimitive
(plane,sphere,cylinder) andthe detailedsurface. The as-
sumptionis that a uniqueone-to-one(bi-jective) mapping
exists betweenthe detailedandprimitive surfaces. In this
work anellipsoidalsurfaceprimitiveis usedwhichprovides
asimplemappingbetweenthecaptureddataanda2D ‘dis-
placementimage’domain.Theability to accuratelyrepre-
sentdynamicfaceshapeis verifiedin section4.

An ellipsoidis definedby thelocationof its centre, () to-
getherwith themagnitudeanddirectionof thethreeorthog-
onal axis vectors, (*#+�, (*�-�, (*�. giving 9 degrees-of-freedom
(6 poseand 3 radii). At eachframe we capturea set of
facesurfacemeasurementpoints /�0�1324�65�(7 � 8:9
;=<8?> + where(7 �@0 7=,BAC,:D 2FEHG . . For the first frame 1I�J� we assume
that the faceis roughly alignedwith the world coordinate
systemso that the frontal direction is looking towardsthe
positive z-axis. The ellipsoid’s centreis then definedas()LK �NM
OQP
R	�S5 7TK8 9 ;=U8?> + , OQPVR	�XW AYK8 9 ;XU8Z> + , O\[]�S5 D�K8 9 ;=U8?> +L^ and

the threeaxis are alignedto the world coordinatesystem
with lengths _`(* K+ _#�a � _`(* K- _��a � _`(* K. _ . Temporalregistra-
tion, presentedin section3.3, is usedto definetheellipsoid
centreandaxesin subsequentframes, 0b() � , 5c(* �8 9 .8Z> + 2 , from
theestimatedfacepose(rotation,translation).
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A sampled displacementmap image representation,d � 0`[ ,fe 2 for [ � �#�?�Z� g 8 ,e � ���Z�Z� gIh , 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: (* 0�[ ,fe 2 �0�ikj	lm0]n h 2Yikj	lm0`o 8 2 , ikj#l�0pn h 2YlBqZr=0`o 8 2 , lBqZr=0pn h 2B2 where o 8 �0 - 8`s?tvuCw3x=y{z�|; y } o
~ 8Z� 2 , n h ��0 - h s?tvu��Vx�y?z�|;�� } nC~ 8?� 2 , ando ~ 8Z� �an ~ 8?� � t - . Therays (* 0`[ ,fe 2 providea non-uniform
sampleof the ellipsoid surfacesuch that there is greater
samplingin the centreof the faceas illustratedin Figure
5. The measuredsurfaceis representedby a displacement
image

d � 0�[ ,]e 2 by samplingthedistancefrom theellipsoid
centre () � to the measureddataalongeachray * 0`[ ,]e 2 such
that the intersection (7 with the measuredsurfaceis given
by (7 �%() � } d � 0`[ ,]e 2 * 0�[ ,fe 2 .

Figure5: Mappingthegeometryof a faceto anellipsoid

To intersecttheray * 0`[ ,]e 2 with thesurfacewefirst com-
putea discontinuityconstrainedtriangulation[5]. This tri-
angulatesthe measuredsurfacepointsfor eachstereopair5 (/4�v0�132:9 .� > + into a triangulatedmesh O �� basedon their
adjacency in the stereodepth map. Adjacent points are
connectedonly if the distancebetweenthem is lessthan
threetimesthe spatialsamplingresolution(minimum dis-
tancebetweenadjacentpoints). This providesa conserva-
tivetriangulationwhichapproximatesthelocalsurfacecon-
tinuity but doesnot triangulateacrossdepthdiscontinuities.
For eachmeshO �� thedisplacementimage

d �� 0`[ ,fe 2 is con-
structedsamplingthedistancealongtherays (* 0�[ ,fe 2 .
3.2. Integration of FaceShapeand Colour

Two problemsmustbe addressedto obtaina singlemodel
for eachtime frame: integrationof multiple view surface
measurementsO �� from eachstereopair;andintegrationof
colourimagesinto asingletexturemap.Having constructed
a displacementmaprepresentation

d �� 0`[ ,]e 2 for eachstereo
pair the problemis to combinetheminto a singlesurface
representation.Thedisplacementimagerepresentationpro-
vides a simple mechanismfor integration of overlapping
surface measurementsby combining their corresponding
displacementvalues:

d � 0�[ ,]e 2��
.�
� > +�� �� 0`[

,fe 2 d �� 0`[ ,]e 2 (1)

where � �� 0�[ ,fe 2��%� if no surfacemeasurementis obtained
along (* � 0`[ ,fe 2 for the �T��� stereopair, otherwise� �� 0�[ ,fe 2 is
proportionalto the confidencein the surfacemeasurement
and � � �� 0�[ ,]e 2F��� . This providesa computationallyef-
ficient methodfor fusionof thefacesurfacemeasurements
into a single facesurfacerepresentation

d � 0`[ ,]e 2 . The in-
tegratedfacedisplacementmapcanbe renderedasa sin-
gle triangulatedmesh O � by triangulatingadjacentpixels
in thedisplacementimage

d � 0�[ ,fe 2 andre-projectingalong
thecorrespondingrays * 0`[ ,]e 2 to obtainthevertex positions:(7 8 h���() � } d � 0`[ ,fe 2 * 0�[ ,]e 2 .

The elliptical mappingalsoprovidesan efficient mech-
anismfor integrationof thethreecolour imagesinto a sin-
gle texture map. The registrationof the threecolour im-
ageswith the reconstructedsurfaceshapeis known from
thecolourcalibrationgiving overlappingtexturemapsfrom
eachimage �
�T0�[ ,fe 2 . Theproblemis thento integratedthe
texture mapsin the overlappingregions. Initially we cor-
rect for differencesin cameracolour responseby fitting a
linearmodelof thegainandoffsetbetweenoverlappingre-
gionsof the texture imagesrelative to the centralcamera:�
�� 0`[ ,]e 2I�@(R � (�
�� 0�[ ,]e 2 } (� � where (�
�� 0`[ ,]e 2 and (� K� 0�[ ,fe 2 are
thergb colourresponseof thecentreandoverlappingcam-
eras. The gain and offset parametersare ��(R � , (� �]� are esti-
matedusingleast-squaresfrom thedifferencein colour re-
sponseof all overlappingpixels.Givenaccurateregistration
andcorrectionfor colourresponseasimpleblendingcolour
[8] of overlappingpixelsis thenperformed.

� � 0�[ ,fe 2�� � � 0`[ ,]e 2 � �� 0`[ ,]e 2 } � � 0`[ ,]e 2k0:(R � � �� 0`[ ,]e 2 } (� � 2 (2)

where� �� 0`[ ,fe 2 and � �� 0`[ ,fe 2 areweightsfor thecentreand
overlapcolour imagesrespectively. Weightsare set such
that in the centralandside faceregion only the centreor
sideimagesareusedgiving thehighestsamplingresolution.
Blendingthenoccursin two bands0`���4o����?� ��� �4oV� 8Z� ��� 2��o��%0`� ��o��p�{� ��� 2 and 0`� } o��p�{� ��� 2��Ho4�H�¡0`� } o��p�{� ��� }o
� 8?� ��� 2 with o��p�{� ��� � t ¢

and oV� 8Z� ��� � t#£B¤; y giving a 9
pixel blendingbandon eitherside. A half cycle of a sine
function over the blendingbandis usedto give a smooth
transition: � � 0`[ ,]e 2¥� +- 0¦� }¨§ [f�¡0 s?w y`© wBª`«!¬pz�­ © wB®#yZ­ <Z¯ |`t- £Bw ®#yZ­ <Z¯ 2 and

� � 0�[ ,]e 2°�±03�²� � � 0`[ ,]e 232 . Figure 6 shows resultsof
theshapeandcolour integrationto reconstructa single3D
colourfacemodelat eachtime.

3.3. Temporal Registration
In this sectionwe introduceanefficient methodfor tempo-
ral registrationof surfaceshapeto estimatethe headpose.
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(a) (b) (c) (d)

Figure6: Combiningtextureandshapeto developthecom-
plete3D face. (a) Displacementmap,(b) Texturemap,(c)
3D shape,(d) Textured3D face.

Temporalregistrationis usedto transformtheellipsoidpa-
rametersateachtimeto obtainanaligneddisplacementmap
representationfor temporalanalysisof shapedeformation.
Variationsof the Iterative ClosestPoint (ICP) algorithm
[1, 15] arewidely usedfor surfaceshaperegistrationto esti-
matetherigid transformation³ �`´ betweentwo surfacesµ �
and µ ´ . ICP iteratively estimatesthetransformation³ �m´ by
minimising the sumof nearestpoint distancebetweenthe
surface µ � andthe transformedsurface ³ �`´ 0pµ ´ 2 . Thecom-
putationalcostis primarily dependanton thecostof evalu-
ating closestpoint computationsbetweenoverlappingsur-
facesin G . . Volumetricpartitioningschemessuchasoc-
treeshavepreviouslybeenusedto reducethecomplexity to¶ 0�g -�· j�¸�g¹2 for g point searches.

In thiswork weusethedisplacementmaprepresentation
to computeapproximateclosestpointsfor overlappingsur-
faceregionsin constanttime. ThedistanceºC0`[ ,]e 2 between
two surfaces

d � 0�[ ,]e 2 and
d ´ 0`[ ,]e 2 atpoint 0`[ ,]e 2 for anesti-

matedtransformation »³ �m´ is takenasthedifferenceof their
displacementvalues: ºc0�[ ,]e 2 � d � 0�[ ,fe 2¥�¼»³ �m´ 0 d ´ 0`[ ,fe 2B2
which requiresa simple lookup of the correspondingdis-
placementimagepixels. This reducesthe computational
complexity of registrationto belinear

¶ 0pg¹2 in thenumber
of overlappingpoints g .

ICP usingthe displacementmapdistanceis usedto re-
cursively estimatethe changein headposebetweensuc-
cessive frames ³ � u +L½ � . An estimateof the transforma-
tion betweenthe initial poseand the 1f��� frame can then
beobtainedastheproductof intermediatetransformations¾³ K ½ � �J¿ �À > + ³ À u +L½ À . The initial estimateis refinedby di-
rect ICP registrationbetweendistancefunctions

d K 0�[ ,]e 2
and ³ K ½ � 0 d � 0`[ ,fe 2B2 to eliminatepropagationof errors. The
estimatedpose³ K ½ � is usedto definethe ellipsoid parame-
tersat time 1 as 0b() ���@³ K ½ � () K , 5c(* �8��'³ K ½ � (* K8	9 .8Z> + 2 , giving
a registereddisplacementimage

d � 0`[ ,]e 2 . This registration
forms the basisfor subsequenttemporalanalysisof non-
rigid surfaceshapechange.

3.4. Temporal Filtering
Thedisplacementmaprepresentationtogetherwith tempo-
ral registrationprovidesanimagesequenceof surfaceshape

andappearanceover time. This representationcanbeused
to analysethespatio-temporalcharacteristicsof faceshape.
Initial work hasaddressedthe problemof noise removal
from the capturedshapedata. In this work we usetem-
poralaveragingto improveestimatesfor non-rigidsurfaces
by removing noise. As the surfacesareregisteredwe en-
surethat correspondingpointsareaveragedover time. A
spatio-temporalwindow of � �ÂÁÃ� ³ where � �¹Á and³ arespatialandtemporalresolutionrespectively. Spatio-
temporalsmoothingis performedby convolutionwith a fil-
ter ÄS0f2 :
d²Å� 0`[ ,]e 2��

8 © z Æ�
Ç >=8`u z Æ

h © x Æ�À > h u x Æ
� ©�È Æ�
É > � uÊÈ Æ

d � 0 �
, § 2¦ÄS0 �
, § ,3Ë 2 (3)

where ÄS0 �
, § ,BË 2 is a Gaussiansmoothingkernel. Figure7
shows theshapereconstructionfor framesfrom a sequence
with andwithout temporalsmoothing. Resultsshow that
temporalsmoothingreducesmeasurementnoisein individ-
ual frameswithoutsignificantlossof spatialresolution.

(a) beforefiltering

(b) afterfiltering

Figure7: Temporalfiltering with a window of size5.

4. Results
The dynamic facecapturesystemhasbeenusedto cap-
turea databaseof 51 peopleperformingfacialexpressions
and speech. Figures8 and 9 show typical sequencesre-
constructedfor two people1. Resultsdemonstratethat the
ellipsoidaldisplacementmap representationtogetherwith
temporalregistrationsuccessfullyintegratesand registers
thenon-rigidfaceshapefor awidevarietyof facialdynam-
ics captured. Shapereconstructiongives an rms error of
approximately0.2mmfor surfacemeasurementerror esti-
matedbetweensuccessive frames.Reconstructiontime for
integration,temporalregistrationandfiltering is lessthan1
secondperframeon a PentiumIII900MHzmachine.

1Pleaseseevideoof resultssubmitted.
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Figure8: 3D Reconstructionsof facialspeech

Figure9: 3D Reconstructionsof facialexpressions

5. Conclusion

In this paperwe have introduceda novel systemfor simul-
taneousvideo-ratecaptureof densefaceshapeandcolour.
Infra-redstructuredlight illumination togetherwith stereo
is usedto measurefaceshape.This work overcomeslim-
itations of previous video-ratefacemeasurementsystems
which use visible structuredlight patternprojection and
markers.A novel displacementimagerepresentationbased
on anellipsoidalmappinghasbeenintroducedfor efficient
integration and temporalregistrationof faceshape. This
providesaunifiedrepresentationof dynamicfaceshapeand
colour as a video sequenceof aligned displacementand
colour images.Evaluationon the systemon a databaseof
51peopleperformingfacialexpressionsandspeechdemon-
stratesrobust captureand representationof facial dynam-
ics. Resultsshow that the capturesystemachievesrecon-
structionof faceshapewith a visualquality comparableto
thecapturedvideo.Futureresearchwill addressthespatio-

temporalcharacterisationof facialdynamics.
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