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Abstract— Minimally obtrusive face capture is essential for
applications in tele-conferencing,collaborative work, and mobile
applications. Acquiring and coding video for such applications
is a challenging problem, particularly for a mobile user. A pilot
head-mounteddisplay system(HMD) is shown that capturestwo
sideviewsof the faceand generatesin real-time a quality fr ontal
video of the wearer. The faceis captured with little obstruction of
the users�eld of view. The fr ontal viewsaregeneratedby warping
and blending the side views after a calibration step. In tests of
a bench prototype, the generatedvirtual videos compared well
with real video basedon both objective and qualitati ve criteria.
With successof the pilot work, we are continuing development
of the mobile HMD system.

I . INTRODUCTION

Communicationof the expressive humanfaceis important
to tele-communicationanddistributedcollaborative work. For
example, how can a mobile emergency responseteam be
networkedto developaddedcapabilitiesfor intelligentactions?
How can a remotestudentexperiencea strongerpresenceof
the teacher?In additionto theseveralsophisticatedcollabora-
tive work environments[5], [9], [15], thereis a strongpopular
trend for the merger of cell phoneand video functionality at
consumerprices. At both endsof the technologyspectrum,
there is a problem producing quality video of a persons
facewithout interfering with that personsability to perform
sometask requiring both visual and motor attention.When
the personis mobile, the technologyof most collaborative
environmentsis unusable.The solution proposedhere is to
modify a helmet mounted display (HMD) for minimally
intrusive facecapture.The prototypeHMD hassmall mirrors
held above the templesand viewed by small video cameras
above the ears,creatinga helmet that is balancedand light
and with minimal occlusion of the wearers�eld of view.
(Figure 1). The completeHMD designincludescomponents
that display remotefacesandscenesto the weareraswell as
reality augmentationfor the wearersenvironment[2], [6]. In
this paper, we study only the methodsthat provide a virtual
frontal video of the HMD wearer. This virtual video (VV) is
synthesizedby warping and blendingthe two real side view
videos.

A prototypeHMD facial capturesystemhas beendevel-
oped.The developmentof the video processingreportedhere
was isolated from the HMD device and performed using
a �x ed lab bench and conventional computer. Porting and
integration of the video processingwith the mobile HMD
hardwareis ongoingwork.

Fig. 1. Facecaptureconceptand imagesfrom protypeHMD.

SectionII brie�y describessomerelatedbackground.Sec-
tion III describesthedesignandanalysisof theprototypesys-
tem. The imageprocessingmethodsaregiven in SectionIV.
Assessmentof the results are discussedin Section V and
conclusionsin SectionVI.

I I . BACKGROUND

Faceshave beencapturedpassively in roomsinstrumented
with a setof cameras[5], [8], wherestereocomputationscan
be doneusingselectedviewpoints.Otherobjectscanbe cap-
tured using the samemethods.Suchhardwarecon�gurations
areunavailablefor mobileusein arbitraryenvironments,how-
ever. Otherwork [1], [13] hasshown thatfacescanbecaptured
using a single cameraand processingthat usesknowledge
of the human face. Either the face has to move relative to
the camera,or assumptionsof symmetryare employed. Our
approachis to usetwo camerasaf�x ed to the head,which is
necessaryto convey non symmetricalfacial expression,such
as the closing of one eye and not the other, or the re�ection
of a �re on only onesideof the face.

Thereis little overlapin the imagestaken from outsidethe
userscentral �eld of view, so the frontal view synthesized
is a novel view. In previous work, novel views have been
synthesizedby a panoramic system[16], [12] and/or by
interpolating betweena set of views [3], [11]. Producing
novel views in a dynamicscenariowassuccessfullyshown for
a highly rigid motion [7]. This work extendedinterpolation



techniquesto the temporaldomain from the spatialdomain.
A novel view at a new time instant was generatedby
interpolating views at nearby time intervals using spatio-
temporalview interpolation[14], wherea dynamic3-D scene
is modelled and novel views are generatedat intermediate
time intervals.

We now show how to generatein real time a synthetic
frontal view of a humanfacefrom two real sideviews.

I I I . SYSTEM DESIGN

Theprototyesystemwascon�guredwith off-the-shelfhard-
wareandsoftwarecomponents.We built a labbench,shown in
Figure2, on which to developour imageprocessingmethods.
The benchwas built to accomodatehumansubjectsso they
could keep their heads�x ed relative to two camerasand a
structuredlight projector. The two cameraswere placedso
thattheir imageswould besimilar to thoseto beobtainedfrom
theHMD optics.The light projectoris usedto orient thehead
preciselyandto obtaincalibrationdatausedin imagewarping.
In additionto theequipmentshown in Figure2, avideocamera
placedon topof theprojectorrecordedthesubjectsfaceduring
eachexperimentfor comparisonpurposes.

A. Equipment

Our prototypeusesan Intel PentiumIII processorrunning
at 746 MHz with 384 MB RAM with two Matrox Meteor II
standardcards.The cardsare connectedto the control units
of lipstick cameras;Sony DXC LS1 NTSC cameraswith 12
mm focal length lenses.We use Matrox Meteor II Standard
that supportsbothmultiple compositeands-videoinputs.The
videois digitizedby a Matrox MeteorII standardcapturecard,
yielding interlaced320 X 240 video �elds at 60 Hz. During
the off-line calibrationstage,the systemalsousesan Infocus
LP350 projectorto project a grid onto the user's face.Voice
is recordedin the samesystemusinga microphone.

B. Software

The API for programmingandcontrolling this hardwareis
MIL-LITE 7.0.The standardWindows basedsoundrecording
software is usedto record the voice of the user during the
conversation.The sound�le is appendedto the .avi �le using
AdobePremiere6.0. Two videosarecapturedsimultaneously
at the rateof 30 framesper second.

C. ExperimentalProcedure

Several videoswere taken of several volunteersso that the
syntheticvideo could be comparedto real video. About half
of thesevolunteerswere recruitedfrom a classand given a
small amountof coursecredit for their participation;theother
half were researchcolleaguesfrom the laboratory. The major
researchquestionwas whether or not the synthetic frontal
videowould beof suf�cient quality to supporttheapplications
intendedfor the HMD. The benchwas set up for a general
user and adjustmentswere madefor individuals only when
needed.Video and audio were recordedfor eachsubjectfor

Fig. 2. Experimentalprototypeof the facecapturesystem.

of�ine processing.The experimentproceededas follows. (1)
Theuserwasaskedto sit in a chairandthechairwasadjusted
accordingto the convenienceof the user and workspaceof
the cameras.(2) The projector was switchedon and a grid
projectedonto the face in such a way that a vertical line
passedthroughthe centerof the face,bisectingthe faceinto
two halves. (3) A start commandwas issuedand the three
camerasstartedrecordingthe user's face (two side cameras
andthe front videorecorder).(4) A microphonewasswitched
on to recordthevoice.(5) After 1-2 seconds,theprojectorwas
switchedoff and the grid no longer projectedonto the face.
(6) The humansubjectrepeatedThequick brown fox jumped
over the lazy dog continuouslyfor 10 seconds.

IV. CREATING THE VIRTUAL VIDEO

The problem is to generate a virtual frontal view from
two side views. The projectedlight grid provides a basisfor
mappingpixelsfrom thesideimagesinto a virtual imagewith
the projector's viewpoint. The grid is projectedonto the face
for only a few framesso thatmappingtablescanbebuilt, and
then is switchedoff for regular operation.

Therearethree2D coordinatesystemsinvolved in creation
of the virtual video. For discussiononly, we denotea global
3D coordinatesystem;however, it mustbeemphasizedthat3D
coordinatesarenot neededfor the taskof the currentpaper.

1) World CoordinateSystem(WCS): for discussiononly.
2) Left CameraCoordinateSystem(LCS):
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is the
left imagewith s,t coordinates.

3) Right CameraCoordinateSystem(RCS):
���
� ���	��


is the
right imagewith u,v coordinates.

4) ProjectorCoordinateSystem(PCS):�

� ������


is theoutput
virtual video image with coordinatesde�ned by the
projectedgrid.

A. Calibration for Virtual Video Synthesis

During the calibrationphase,the transformationtablesare
generatedusingthegrid patterncoordinates.A rectangulargrid
is projectedonto the faceandthe two sideviews arecaptured



asshown in Figures 3 and 4. The locationof thegrid regions
in thesideimagesde�ne whererealpixel datais to beaccessed
for placementin the virtual video. Coordinatetransformation
is donebetweenPCSand LCS and betweenPCSand RCS.
Using transformationtables that store the locations of grid
points,an algorithmcanmapevery pixel in the front view to
the appropriateside view. By centeringthe grid on the face,
the grid also supportsthe correspondencebetweenLCS and
RCSandthe blendingof their pixels.

Fig. 3. Demonstrationof the behaviour of the grid pattern

The behavior of a single gridded cell in the original side
view andthevirtual frontal view is demonstratedin Figure 3.
A grid cell in the frontal imagewill map to a quadrilateral
with curved edgesin the side image.Bilinear interpolationis
usedto reconstructtheoriginal frontal grid patternby warping
a quadrilateralinto a squareor a rectangle.
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Equations 1 and 2 give the four functions determined
during thecalibrationstageandimplementedvia the transfor-
mationtables.Thesetransformationtablesarethenusedin the
operationalstageimmediatelyafter the grid is switchedoff.
During operation,it is known for eachpixel �
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in which
grid cell of LCS or RCSit lies. Bilinear interpolationis then
usedon the grid cell cornersto accessan actualpixel value
to be output to the VV.

Fig. 4. Faceimagescapturedduring the calibrationstage.

Someimplementationdetailsare as follows. A rectangular
grid of dimension400 x 400 is projectedonto the face.The
grid is madeby repeatingthreecoloredlines.We usedwhite,

greenandcyancolorsbecauseof their bright appearanceover
theskincolor. The�rst few frameshavethegrid projectedonto
the facebeforethe grid is turnedoff. Oneof the frameswith
the grid is taken and the transformationtablesaregenerated.
The sizeof the grid patternthat is projectedin the calibration
stageplaysa signi�cant role in the quality of the video.This
size was decidedbasedon the trade-off betweenthe quality
of the video and execution time. An appropriategrid size
waschosenbasedon trial anderror. We startedby projecting
a sparsegrid patternonto the face and then increasingthe
densityof the grid pattern.At one point, the increasein the
density did not signi�cantly improve the quality of the face
image but consumedtoo much time. At that point, the grid
was �nalized with a grid cell size of row-width 24 pixels
andcolumn-width18 pixels. Figure 4 shows the framesthat
are capturedduring the calibration stageof the experiment.
(Thiscalibrationstepis feasiblefor usein collaborativerooms;
however, we arecurrentlyworking on removing it to have one
procedureapplicableto mobile usersaswell.)

Fig. 5. The off-line calibration stageduring the synthesisof the virtual
frontal view.

B. Virtual Video Synthesis

Using the transformationtablesgeneratedin the calibration
phaseeachvirtual frontal frame is generated.The algorithm
reconstructseach (x,y) coordinate in the virtual view by
accessingthe correspondinglocation in the transformation
tableandretrieving thepixel in

���

(or
�

�

) usinginterpolation.
Then, a 1D linear smoothing �lter is used to smooth the
intensityacrossthe vertical midline of the face.Without this,
a humanviewer usuallyperceivesa slight intensityedgeat the
midline of the face.

Figure 6 shows the completeblock diagramof the opera-
tional phase.Sincethe transformationis basedon thebilinear
interpolationtechnique,eachpixel canbegeneratedonly when
it is inside four grid coordinatepoints. Becausethe grid is
not de�ned well at the peripheryof the face,our algorithm
is unable to generatethe earsand hair portion of the face.



Fig. 6. Operationalstageduring the synthesisof the virtual frontal view

The results1 of the warping during the calibration and the
operationstageis shown in Figures 7 to 9.

(a) (b) (c)

Fig. 7. Frontalview generationduringthecalibrationstageandreconstruction
of the frontal imagefrom thesideview usingthegrid: (a) left imagecaptured
during the calibration stage.(b) operationalleft image warped into virtual
imageplus calibrationstripes.(c) operationalleft imagewithout stripes.The
resultof thereconstructedfrontal view from thetransformationtablesandthe
right imageis shown in Figure8 below.

Someother post-processingis needed.Theframeswith the
griddedpatternaredeletedfrom the �nal output:thesecanbe
identi�ed by a large shift in intensitywhenthe projectedgrid
is switchedoff. The microphonerecordingof the voice of the
user, storedin a separate.wav �le, is appendedto the video
�le and the �nal output is obtained.

Finally, we needto mention necessarycolor balancingof
thecameras.Eventhoughsoftwarebasedapproachesfor color
balancingcan be taken, the color balancingin our work is

1Our videosarein color andareon our website.Evenif this paperappears
without color, the authorsfeel that the conceptis still properlyshown.

Fig. 8. (a) Frontalview obtainedfrom the camcorderand(b) virtual frontal
view generatedby our algorithm.

done at the hardware level. Before the camerasare used
for calibration, they are balancedusing the white balancing
technique.A single white paper is shown to both cameras
andcamerasarewhite balancedinstantly. Ideally, thesynthetic
videowill have minimal lighting variationdueto thedifferent
cameras.However, it is important to note that theremay be
signi�cant lighting variation in the user's environment that
should be representedin the output as information to be
communicated.A �re �ghter, for example, may have more
light on onesideof her facethanon theother– or a surgeon,
or driver of a car. Softwarecolor balancingis likely to defeat
suchdesirablecolor imbalance.

V. ASSESSMENT OF RESULTS

The virtual video of the facemust be adequateto support
thecommunicationof identity, mentalstate,gesture,andgaze
direction.We reportsomeobjective comparisonsbetweenthe
synthesizedand real videos and our own qualitative assess-
ment.

A. ObjectiveEvaluation

The real video framesfrom the camcorderand the virtual
video frames were normalized to the same size of 200 x
200 and comparedusing cross correlation and interpoint
distancesbetweensalientfacefeatures.Five imagesthat were
consideredfor evaluationare shown in Figure 9. Important
items consideredwere the smoothnessand accuracy of lips
and eyes and their movements,the quality of the intensities,
andthe synchronizationof the audioandvideo. In particular,
we werelooking for breaksat thecenterlineof thefacedueto
blendingandfor otherdistortionsthat may have beencaused
by the sensingandwarpingprocess.

1) NormalizedCross-correlation: Thecrosscorrelationbe-
tweenregions of the virtual imageand real imagewas com-
putedfor rectangularregions containingthe eyes and mouth
(Figure 10). As Table I shows, there was high correlation
betweenthe real and the virtual imagestaken at the same
instantof time. Frames2 and 3 shown in Figure 9 contain
facial expressions(eye and lip movements)that were quite
differentfrom theexpressionusedduring thecalibrationstage
and the generatedview gave a slightly lower correlation
valuewhen comparedwith the other frames.Also, the facial



Fig. 9. Imagesconsideredfor objective evaluation (a)Top row: real video
frames(b) Bottom row: virtual video frames

Fig. 10. (a) Facial regions comparedusing normalizedcross-correlation
(Left: real view andRight: virtual view.)

expressionsin the frames1 and4 weresimilar to that of the
expressionin the calibrationframe.Hence,theseframeshave
a higher correlationvalue comparedto the rest.The eye and
lip regionswereconsideredfor evaluatingthesystembecause
duringany facialmovement,theseregionschangesigni�cantly
andaremore importantin communication.

TABLE I

RESULTS OF NORMALIZED CROSS-CORRELATION BETWEEN THE

REAL AND THE VIRTUAL FRONTAL VIEWS APPLIED IN REGIONS

AROUND THE EYES AND MOUTH.

video left eye right eye mouth eyes+ mouth complete
Frame1 0.988 0.987 0.993 0.989 0.989
Frame2 0.969 0.972 0.985 0.978 0.985
Frame3 0.969 0.967 0.992 0.978 0.986
Frame4 0.991 0.989 0.993 0.990 0.990
Frame5 0.985 0.986 0.992 0.988 0.989

2) Euclideandistancemeasure: We computedthe differ-
ence in the normalizedEuclidean distancesbetweensome
of the most prominentfeaturepoints. The featurepoints are
chosenin sucha way thatoneof themis relatively staticwith
respectto the other. For someprominentfeaturepoints,such
as cornersof the eyes, nose tip, cornersof the mouth, the
cornersof the eyes are relatively static when comparedwith
thecornersof themouth.Figure 11shows themostprominent
facial featurepoints and the distancesbetweenthosepoints.
Let
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representthe Euclideandistancebetweentwo feature
points i and j in the real frontal imageand �
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representthe
Euclideandistancebetweentwo featurepoints in the virtual
frontal image. The difference in the Euclidean distanceis
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Fig. 11. Facial feature points and the distancesthat are consideredfor
evaluationusing Euclideandistancemeasure(Left: real view. Right: virtual
view.)

faceimagesis de�ned by �
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TABLE II

EUCLIDEAN DISTANCE MEASUREMENT OF THE PROMINENT

FACIAL DISTANCES IN THE REAL IMAGE AND VIRTUAL IMAGE

AND THE DEFINED AVERAGE ERROR. ALL DIMENSIONS ARE IN

PIXELS.

Frames $&%(' $�)*' $&+�' $

+*,

$&-., $&/

, Error(0 )
Frame1 2.00 0.80 4.15 3.49 2.95 3.46 2.80
Frame2 0.59 3.00 0.79 4.91 0.63 0.80 1.79
Frame3 1.88 3.84 4.29 4.34 2.68 1.83 3.14
Frame4 1.09 2.97 2.10 6.33 3.01 4.08 3.36
Frame5 1.62 2.21 5.57 4.99 1.24 1.90 2.92

Theresultsin Table II indicatesmallerrorsin theEuclidean
distancemeasurementsof theorderof 3 pixels in an imageof
size 200 X 200. The facial featurepoints in the � ve frames
wereselectedmanuallyandhencethe errorsmight have also
beencausedby the instability of manualselection.One can
note that the error valuesof

�
���

and
�

���

are larger thanthe
others.This is probablybecausethenosetip is not asrobustly
locatedcomparedto eye corners.

B. SubjectiveEvaluation

A preliminarysubjective studywasdoneby the authors.In
general,the quality of the videoswasassessedasadequateto
supportthe variety of intendedapplications.The two halves
of all the videos are well synchronizedand color balanced.
Thequality of theaudiois goodandit hasbeensynchronized
well with the lip movements.Someobserved problemswere
distortionin theeyesandteethandin somecasesa cross-eyed
appearance.The faceappearsslightly bulged comparedwith
the real videos,which is probablydueto the combinedradial
distortionsof the cameraandprojectorlenses.

Synchronizationin the two videos is crucial in our appli-
cation. Since, two views of a face with lip movementsare
mergedtogether, any smallchangesin thesynchronizationwill
have high impact on the misalignmentof the lips. This syn-
chronizationwasevaluatedbasedonsensitivemovementssuch
as eyeball movementsand blinking eyelids. Similarly, mouth
movementswere examinedin the virtual videos.Figures 12
to 13 show someof theseeffects.



Fig. 12. (a) Top row: imagescapturedfrom the left camera.(b) Secondrow:
imagescapturedusingthe right camera.(c) Third row: imagescapturedusing
camcorderthat is placedin front of the face. (d) Final row: virtual frontal
views generatedfrom the imagesin the �rst two rows

Fig. 13. Synchronizationof the eyelids during blinking: real video is in the
top row andthe virtual video is in the bottomrow.

C. Executiontime

Our analysisindicatesthat a real-time mobile systemcan
bebuilt. Thetotal computationtime consistsof (1) transfering
the imagesinto buffers, (2) warping by interpolatingeachof
thegrid blocks,and(3) linearly smoothingeachoutputimage.
The averagetime is about60 ms per frameusinga 746 MHz
computer. Less than 30 ms would be consideredto be real-
time: this canbeachievedwith a currentcomputerwith clock
rate of 2.6 GHz. Future implementationswill require more
power to mosaicktraining datainto the video to accountfor
featuresoccludedfrom the cameras.

D. Current Hardware

At the time of writing, virtual video synthesisis being
developedon a tetheredprototype.Figure1 shows two frames
acquiredfrom this prototypeHMD. Thesidevideosarestable
even when the wearerspeaksandmoves.The depthof �eld,
which hadbeena concernin the optical design,is goodas is
the �eld of view of the face.Our future virtual framesshould
be better than thoseshown in this paper, which have been
croppeddueto constraintsin working with the framebuffers.

We needto show morehair andears,in particular, something
that is dif�cult to do in othersystemsthatcreatea modelfrom
onefrontal cameraview. While we developour algorithmson
the prototypeHMD, a new versionon the HMD is alsobeing
developedthat shouldimprove the compactnessandlightness
of the HMD.

VI . CONCLUDING DISCUSSION

We have presentedmethodsto synthesizea real time video
of the frontal view of the face by merging two real side
videos. The algorithm being used can be made to work in
real-time.The working prototypehasbeentestedon a diverse
set of 7 individuals.From comparisonsof the virtual videos
with real videos,we expect that important facial expressions
will be representedadequatelynot distorted by more than
2%. We concludethat our HMD can support the intended
tele-communicationapplications.More detail of this work
can be found in the thesisof Reddy [10]. Feasibility being
shown, there are signi�cant implementationdetails to work
out that are in progress.

Calibrationusing a projectedgrid is critical to the current
algorithms.Using it, we have alsocreated3D texture-mapped
facemodelsby calibrating the camerasand projector in the
WCS, which we have not discussedin this paper. 3D models
presentthe opportunityfor greatercompressionof the signal
and for arbitrary frontal viewpoints, which are neededfor
virtual face-to-face collaborationand especiallywhen more
than two persons are collaborating. Although technically
feasible, structuredlight projection is an obtrusive step in
the processand would be cumbersomein the �eld. We are
working on eliminating the useof structuredlight by making
useof a genericmeshmodelof the face.Otherprojectshave
shown somesuccessin trackingfacesin video usingadaptive
meshes:our problemshouldbe easier, sincethe two cameras
are �x ed to the head.

There is a problem due to occlusion in the blending of
the two side images.Somefacial surfacepoints that should
be displayedin the frontal imageare not visible in the side
images.For example, the two camerascannotseethe back
of the mouth. A solution that we are developing is to take
training datafrom the userand to patchit into the synthetic
video. The userwill have to generatea basisfor all possible
future output material and the systemwill have to contain
methodsto index to the right materialand blend it with the
regular warpedoutput. Ezzatand Poggiohave shown this to
be possible[4]. A relatedproblemis that facial deformations
thatmake signi�cant alterationsto the facesurfacewill not be
renderedwell by the staticwarp.Examplesaretonguethrusts
andseverefacialdistortions.We will alsoaddressthis problem
in futurework. Thecurrentsystemis goodfor moderatefacial
distortion:it will not crashwhenseverecasesareencountered,
but the virtual video will show a discontinuity in important
facial features.



URL FOR ASSOCIATED MATERIALS

We have samples of data on the webpages at
www.cse.msu.edu/� stockman/FCHMD/. Included are four
separatevideos,one from the left camera,one from the right
camera,the frontal virtual video synthesizedfrom those,and
thereal frontal video for comparison.This is oneof thebetter
datasets,and was acquiredfrom one of the authors.We do
not have permissionfrom other subjectsto show their data
sets.Otherdocumentsconcerningthis work arealsoincluded.
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