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Abstract

Steeable video projectionsystemsnale it possibleto use
anycorvenientsurfaceasa display Thispaperdescribesa
steernble projectionsystemn which a projectoranda cam-
era are mountedin an overheadmotorizedassemblywith
two degreesof freedom Associatinga remotecamea to the
video projector males it possibleto discover planar sur-
facesin the ervironmentthat can be usedas display sur-
faces.

One possibleapplication of this systemis a "portable
displaysurface” composeaf a hand-heldwvhite cardboad
surfacewith a bladk boundary An estimationtechniqueis
describedn which the displayboundariesare tracked us-
ing a robust tracker to provide the necessarynformation
to computean inversehomaraphyfor pre-warpingtheim-
age. Continuallyupdatingtheinversehomaraphyenables
the systento maintaina recti ed image on the displaysur-
facedespite3D translationsandrotations.

Keywords: Ubiquitous Computing, Augmentederviron-
ment, Motorized video-projectar Projectorscenecalibra-
tion, Portabledisplaysurface.

1. Intr oduction

Associatinga videoprojectorwith avideocameraoffersan
inexpensve meango transformary surfacein anerviron-
mentinto aninteractve displaysurface. Rigidly mounting
thevideocameraontheprojectorprovidesa numberof use-
ful advantagesObservinghepositionof pointsin thescene
malesit possibleto estimatethe inversetransformatiornre-
quiredto pre-warp animagebeforeprojection. Observing
the interactionof handsor limbs with projectedinforma-
tion providesa simpleandintuitive modefor man-machine
interaction.

An earlysystenfor augmenting@nervironmentby com-
bining a projectednformationandcomputewision wasthe
"digital desk” describedby Wellner and MacKay in [10].
Over the last few years,several augmentecervironments
had beendesigned[5, 8] using single or multiple video-

projectorsto augmentrdinaryobjectsandsurfaces. Until
recently suchsystemsave usedstaticallymountedprojec-
tors,thusrestrictingdisplayto limited partsof the erviron-
ment.

A devicefor redirectingheprojectorbeamby asteerable
mirror, overcomingthe spatialconstrain®f x ed-projector
systemshasbeenpresentedn [4]. In this systemthe abil-
ity to projectimagesin the ervironmentis restrictedto a
coneresultingfrom the mirror-projectorcon guration. In
this papemwe describea Steerablé/ideoProjectomplatform
(SVP), conceptuallysimilar to [2], thatis ableto project
imagesn ary directionwithin ahemispheraroundthe de-
vice. While someavhatbulky, our device anticipateghecur
renttrendof projectorsto becomeportabledevices,similar
in shapeto hand-heldorchlamps|[1].

Steerablevzideoprojectorsoffer aninexpensve meango
transformary corvenientsurfaceinto an informationdis-
play. However, unlessa surfaceis perpendiculato the pro-
jectorbeam theresultingimagewould bedistortedby pro-
jection. For planarsurfacesthe distortionfrom projection
can be approximatedoy a 3x3 projective transformation,
known asa planarhomograpll. A planarhomograpl is
a generalclassof transformationghat includesrotations,
translationsscaling,andarbitraryaf ne transformationsis
specialcases.Planarhomographiesre invertible and are
easilyestimatedrom the obsenred positionof any known 4
pointson a surface. An inverseplanarhomograpk canbe
appliedto animagebeforeprojectionsothattheimageap-
pearson a planarsurfacewithout deformationover a wide
rangeof positionsandorientations.

The environmentalsurfacessuitablefor displayuse,and
the requiredhomographiaransformatiorfor eachsurface
could,in principle,bedeterminedrom adetailed3D model
of an ernvironment. However, the level of detail and pre-
cision necessaryor suchestimationwould requirea pro-
hibitively expensve procesf surveying andmodelingthe
ernvironment.Such3D modelingcanbe avoidedby directly
measuringherequiredinformationusinga camera.

Several camera-basethethodsof calibratingprojector
display systemshave beenpresentedn [4, 11]. They are



basedhowever on a time consuming3D modelingof the
screen,which is inappropriatefor potentially fastmoving
displays. Moreover they usea calibratedcamerato gen-
eratethe modelof the ervironment,which is animportant
constrainfor the systeminfrastructure.

A homograpl-basedautomaticcalibrationmethodhas
beendescribedn [6]. Thoughit usesanon-calibratedam-
erato obsere the scene,it hasa signi cant disadwantage
of requiring that the camerais able to detectthe screen
boundaries.In this paperwe presentwo displayapplica-
tionsthatincludeautomatidmagerecti cation. In the rst
applicationanSVPandanon-calibratedemotecameran-
ablesdynamicimagerecti cation on planarsurfaceslocal-
ized during an of ine auto-calibratiorof the system(Sec-
tion 3). In the secondapplication,an SVP unit with its as-
sociatedvideo cameraenableddynamicimagerecti cation
on screenglelineatedn the projector eld of view by their
four boundariegSectiord).

The possibility of renderinginterfacesalmostanywhere
in an environmentgenerategjuestionsconcerninghow to
control andinteractwith e xible displays. An interesting
exampleof automaticcontrolof asteerablaisplayhasbeen
the subjectof [3]. Thedisplaywasautomaticallyredirected
to the most appropriatesurface closeto the user In this
paperwe addresghe problemof enablingthe userto con-
trol the projectiondirection. We presenta tool thatcanbe
usedasa meango transporta displayfrom onesurfaceto
another(Section4). We describea robusttrackingmethod
thatenablesusto createa portablescreensurface. Rolust
tracking of the screenboundaryenableghe planarhomo-
graphicrecti cation to be re-computediynamicallyasthe
displayis moved.

2. Camera-Projector systems

Even for a rigidly mountedprojector a certaindegree of
steerabilitycanbe achiezed in software, by restrictingthe
size of the imageto be projectedto a subsetof the avail-
able pixel array of the projector For example,in [9] an
Euclideantransformationwas usedto enablea projection
of a circular interfaceto adaptits orientationwith respect
to the positionof the usersarounda roundtable. The im-
agemay be electronically”steered”within the projectors
pixel array by modifying the transformatiorfrom imageto
projector

Extendingthe display surfacerequiresaugmentingthe
rangeof anglesto which the projectorbeammay be di-
rected. A low costtechniquefor redirectingthe projection
beamwith theuseof amotorizedmirror hasbeendescribed
in [4]. Their techniqueusesoff-the-shelfcomponentsand
hasa capabilityto projectvery brightimageswithin acone
restrictedby the mirror-projectorcon guration. A proto-
type of a device having much less spatial constraintshas
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Figurel: Classi cationof thecalibrationmethods

beenpresentedn [2]. In this device, a steerablepan-tilt

platform was constructedo carry a small video-projector
andacameraWith atrendtowardsincreasinglysmallvideo

projectorsandcamerasthis approachwill becomencreas-
ingly attractive.

In [11] projectorscreencalibrationmethodsare classi-
ed aspassve vs. active, andonline vs. off-line. We
proposeto addto this classi cationthe numberof signif-
icant dimensionsof the acquiredscenemodel (Figure 1).
Off-line calibrationmethodshave beenusedfor static ap-
plications,wheretheprojectorscreercon gurationwasas-
sumedto be constantin time and excludedeventualtran-
sitionsbetweerdifferentcon gurations. Suchanapproach
hasbeenpresentedn [3, 4], whereeachprojectionsurface
wasprede nedandcalibratedasa planarscreerby interac-
tively de ning anappropriatehomograpk. Onemight say
thatin this casethe ervironmentwasmodelediocally asa
2D screersurface.An automatic2D modelacquisitionhas
beenpresentedn [6], wherethe homograpl matrix was
determinedy animageprocessingnethodbasecnanun-
calibratedcamera.Thougheasyto apply, this approachre-
liesonastrongassumptiorthatthe screersurfaceis planar
uniformin colorandhasdistinguishabldorders.Suchcon-
straintsareoftenviolatedwhenprojectingon unconstrained
surfacesin realervironments.

For most static or semi-staticapplications,where the
screenis assumedo be planar a 2D scenemodel of the
ernvironmentis sufcient. Threedimensionalervironmen-
tal modelscan be usedto enablerenderingof imageson
screensvith complex geometriesHowever, mostsuchsys-
temsgeneratecorrectviews whenseenonly from a single
pointin the scene.For example,in [5] imperceptiblestruc-
turedlight is usedto acquirethe 3D geometrymodelof the
screenin an augmentedf ce application. Using someof
the projectorsenepgy to generatethe structuredlight pat-
ternsvisibly decreasethe imagecontrast. An alternatve
methodbasednimageprocessingechniquesin particular
onimagefeaturedetectionhasbeenshovnin [11]. Both of
thesesystemassume calibratedprojectorcamerasystem.



3. The steerableprojector

Our systemhas beendesignedto enableexperimentsin
which aroomis usedasaninteractive displaysurface. In
particular our systemmustpermitexperimentsn whichin-
teractie display surfacesare automaticallyadaptedo the
relative positionsand orientationsof users. To meetthis
challenge,we have constructeda SteerableVideo Projec-
tor (SVP)platformthatprovidesavideo-projectomwith two
mechanicatlegreesof freedom:panandtilt.

The SVP is composedof an XGA-resolution video-
projector a computercontrolled pan-tilt platform and a
CCD, PAL videocamera.The mechanicaton gurationis
shavn in Figure 2. The SVP mechanicaberformancds
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Figure2: Schemeof SVP

presentedn Tablel. In orderto reusethe communication
protocoland hardware interfacefrom the pan-tilt cameras
installedin our AugmentedMeeting Environmentlabora-
tory we constructecbur systemby cannibalizinga widely
usedcommerciallyavailable pan-tilt camera.We notethat
this ervironmentalsoincludessteerablecamerasmounted
in eachof the four uppercornersof the room, closeto
the ceiling. The serial computerinterfacefor the pan-tilt
headwas connectedo high performancesteppermotors,
enablingrotation of a load of up to approximately2.5kg.
The cameraandlensassemblywasdetachedrom its pan-
tilt baseandrigidly x edto the projectormounting.A me-
chanicalassemblywas designedso that the SVP could be
mountedon the ceiling in an of ce-lik e augmentedenvi-
ronment.

Tablel: Rotationplatformmechanicaperformance
Pan Tilt
Rotationrange 177 +90

Angularresolution| 0:11 0:18
Angularvelocity | 14672 | 80%9
Responsd¢ime 2ms 3ms

3.1. Rectifying projectedimages

Our approachto image geometrycorrectionis basedon
the obsenation that in most of ce or room-like erviron-
mentsthe majority of surfacessuitablefor useas projec-
tion screensareplanar We presenta two stepmethodfor
oblique distortion correctionin imagesprojectedon ary
partof arbitrarily orientedplanarsurfaces.The methodre-
quiresthe useof a motorizedvideo-projectowith known
optical parameters)andan arbitrary placednon-calibrated
videocameraThecameramustseetheentireprojectedm-
ages.

First the cameraacquiresnecessarydatato verify the
shape,size and orientationof the screensurface (Section
3.2). Secondfor eachprojectorscreencon guration the
systemcalculateghe necessarpre-warpthathasto be ap-
plied to the projectedimagein orderto compensatehe
obliquedistortions(Section3.3). This methodcanbe ex-
tendedby a third stepcorrectingdistortionsthataredueto
anon-planasshapeof the screen.It couldalsobebasedon
algorithmspresentedh [1] or [11].

3.2. Finding the screen

The rst phaseof our methodis an automaticoff-line cali-
brationbasedon the obsenration thata perspectie projec-
tion transformsa line into anotherline. The projectionof
animageonto a planarsurface,aswell the obsenration of
planarsurfacewith a cameraaredescribedy a simpli ed

(or degeneratejorm of perspectie transformations.

Sincea compositionof two perspectie transformations
conseresstraightlines, thisfeaturecanbeexploitedto pro-
vide asimplemethodto determinesurfaceghataresuitably
closeto planarto beusedasadisplaysurfacefor arecti ed
image. A grid patternis projectedby the video projector
andcapturedby ary availablevideo cameras.Using algo-
rithmsdescribedelav in Sectiord we nd theshapeof the
patternin the cameramage. Any discontinuityof the pro-
jectedlinesindicatesa cornerlik e distortionof the screen.
A curvedappearancef thelinesin thepatternindicateghat
thesurfaceis not planar

The systemrecordsprojector orientationanglescorre-
spondingo eachdetectedurface.As aresult,atwo dimen-
sionalmodel of the environmentis createdin which each
surfacehasa representatioasaregion.

Conserationof linesis alsousedto establistthecon g-
urationsin which the optical axis of the video-projectoris
parallelto the normalof the screensurface. For this, two
patternof two dotsareprojectedandmovedacrosshesur
facewithin the sight of a camera. The dotslie on one of
two lines(averticalandhorizontalwith respecto theimage
borders)rossedn theopticalcenterof theimage.Eachdot
is color codedin orderto identify it in eachcameramage.

A vertical aligneddot patternis projectedwhen estab-



lishing theanglebetweerthe screemormalandtheoptical
axisof theprojectorin theverticalplane.While rotatingthe
projectoraroundits vertical axis, the pointsare detectedn
the cameraimage. Eachof the pointsfollows a trajectory
which is a function of the projectorscreen-camereon g-
uration. A linear regressionalgorithmis appliedfor each
sequencef coloredpointsseenby the cameraanda mean
point-to-linedistancds calculated.The minimumdistance
correspondso a trajectoryalignedwith the intersectionof
the screenwith a perpendiculaplanepassingthroughthe
focal point of the projector One of the projectors orien-
tation anglescan be measuredvith respectto the screen
by detectingthis minimumandthe correspondingpoint co-
ordinatesin the projectedimage. In a similar manney the
secondorientationangleis found using a color-patternof
horizontallyaligneddots.

Theability of theautomaticervironmentmodelingtech-
nigueto determinethe orientationof planarsurfacess lim-
ited to certainprojectorscreencon gurations. In particu-
lar, with the presentedechniquethe systemis unableto

nd the orientationof small-areasurfaces. Thusthe sys-
temis unableto correctimagedistortionsusingthe method
describedbelon (Section3.3). Thereforein Section4 we

presentinalternatve projectorscreercalibrationtechnique
thatenablesusto projectrecti ed imagesalsoonsmall-size
screens.

3.3. Projector-screendistortions model

The goal of the distortioncorrectionalgorithmis to deter
mine a transformatiorM from sourceimageX g to a pro-
jectedimageX p; .

Thistransformatiorshouldbesuchthatafterprojection the
projectedimage appearsasif the sourceimagehad been
projectedto a perpendiculgrplanarscreen,up to a scale
changes.

We de ne the origin of the projectedimageframeR
andthe sourceimageframeRg; asthe intersectionof the
projectoropticalaxiswith theimage.The origin of aworld
referenceframe Ry is in the focal point of the video-
projectoroptics. The x,, axisis alignedwith the vertical
rotationaxis of the projector The z,, axispointsto one of
theplanarsurfacesin theenvironmentandis parallelto the
normalof the surface(Figure3). Thetwo angles and
de ning the positionof the SVP equalzerowhenthe pro-
jector optical axisis alignedwith the z,, axis of theworld
frame.ThereforeheprojectionP of apointin theprojected
imageframeRy,; canbedecomposeds:
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Figure3: Projectionmodel

Wherethe matrix C correspondgo a transformfrom the
projectedmageframeR,; to theworld frameRy . It has
thefollowing form:

2 3 2 32 3
Xw 0 Xpi
i oo SH g
Zw f 0
w 0 0 0 1 1

Wheref is the focal length of the projectoropticsandR
is the projectorrotation matrix. The projectorprojection
matrix P, is composeaf thedistanced of thescreerto the
focal centerof theprojector:

2 3

d 0 00
P_§0doo§
P40 0d O

0010

Theunknavn distanced canbe arbitrarychosensincethis
resultsonly in achangeof scale.Onecansaythattransfor
mationsC andP, projectpointsfrom the projectedimage
frameontoa virtual screenat a distanced from the projec-
tor focal center The boundarie®f the projectionaredeter
minedsuchthatthe cornersof the projectedmagecoincide
with the cornersof thevirtual screen.

Within theseboundarieshe systemcandisplayarectan-
gle (orary other gure) X s, thatuserswouldliketo seeon
the real screen. The rectanglesize can be adaptedso that
apparensizeis independenbf the orientationor position
of thescreersurfaceby calculatingthetransformatiorfrom
thefour screercorners.

In orderto determinethe new coordinatef a recti ed
imageX s; onecantranslateheimageX so thatwould re-
sultfrom aperpendiculaprojectionPq by atranslationT .

2 3 2 32 3
Xsr 1 0 0 dtan Xs0
Ysr z _ 0 1 0 dtan é Yso é
Zsy B 0 0 1 0 Zs0

1 00O 1 1



Which canalsobeexpresseds:
Xsr = TPoXy

Finally thedesiredgure X s, canbeback-projectedo the
Rpi (projectedmageframe).

Xpi = Tg P RTXSr

WherePy = P,C for = Oand = 0. Thematrix RT
is thetransposén homogeneousoordinate®f therotation
matrix R. MatrixesPg andTg assurehe back-projection
from thesceneto X p; .

2 3 2 3
f 00O 100 O
_OfOOZ _§01ooé
Pe=20 0f 05740 0 1 f
0010 000 1

Sincewe know the parameter®f the projectorandthe
orientationanglesiit is sufcient to apply the mappingM
to thedesiredmageshapeX ;.

Xpi = Te PeRTTPoXsi = M Xy

TheresultingimageX,; shouldnot exceedthe projectors
pixel array otherwisewe have to applyanappropriatescal-
ing.

Thanksto this approachwe areableto dynamicallyrec-
tify theimagewhile sweepingt over a planarsurfacewith-
out having to recalibratethe projectorscreensystemfor
eachpositionof the SVRP

4. Application: a novel userinterface

The associatiorof a steerablevideo projectorwith a cam-
eraenablego corvertanordinaryroominto an“interactive
ervironment”. If the correctionmatrix for a new display
surfaceis basedon previously createdervironmentmodel
(Section3.2)or aprecalibratiormethodasproposedn [4],

theninteractionis limited to pre-de nedstaticsurfaces.Dy-

namicrecalibrationallows us to extendinteractionto mo-
bile, hand-heldsurfaces.

In this sectionwe illustratethe useof the steerablgro-
jector by describinga new form of interactve device us-
ing only a smallhand-heldscreen.We call this a"Portable
DisplayScreen’or PDS.Thesteerablerideo-projectomvith
its associatedamerawill be usedto transferaninteractve
displayfrom a large screenonto the hand-heldscreenau-
tomatically correctingfor 3D translationsandrotationsas
the screenis moved. The SVP cameracanbe usedto de-
tectwhenthe userplaceshis ngers or handover a part of
the screenin orderto selector manipulateprojectedinfor-
mation. Additionally the PDSwill be usedasa meansof
transferringthe projectedinformationbetweenscreensur
facesn theervironment.

A typical applicationscenaridfor the PDSwould be as
follows: attheendof a presentationvhereslideshave been
displayedon a wide screen,a usermay wish to move the
display from a main wide screensomeavhereelse. Intro-
ducingthe hand-heldscreerover the projectedmageindi-
catesthat userwishesto move an interactve display onto
the hand-heldscreen. Our steerableprojectorcamerapair
allow to maintaintheimageon the smallhand-heldscreen.
As the PDSis removed from the previous location of the
wide screenits cornersaretrackedto allow the projectorto
besteeredn orderto maintaintheimageonthePDS.Track-
ing thescreercornerenablealsotheprojectedmageto be
recti ed. Theinformationcanbe transferedrom the PDS
on anotherdisplay surfaceby placingthe PDSover it. By
doingit theusercande ne anew displaysurfacein theenvi-
ronment.By knowing the positionof thefour cornersof the
PDS, the systemimmediatelyknows the mappingbetween
the projectedmageandthe newly choserplanarsurface.

4.1. The PDS

The PDS canbe madefrom ary at screenthatis small
enoughto beheldin ahand.The screershouldhave a uni-
form, light-coloredsurfacedelineatedoy a clearly marked
border An exampleis shown in Figure4. It is a pieceof
white cardboaradvith blackboarders.

Figure4: A hand-heldscreenusedto constructa portable
displaysurface

4.2. Initialisation of the userinterface applica-
tion

In orderto initialize our PDS demonstrationye addeda

smallredrectangleo theupperright region of theprojected

image(Figureb). Passinghehand-heldscreeroverthisred

rectangldnitializesthe PDS.

4.3. Tracking the PDS

Bothtrackingandimagerecti cation arebasecnthe posi-
tion of the four cornersof the handheld screen.However,



Figure5: Detectionof arectanglan the upperright partof
theboard

the cornersthemseles may be occluded. Ratherthantry

to directly detectthe corners we usea Houghtransformto

estimateandtrackthe four screerboundariesThe corners
arethendeterminedastheintersectiorof thefour dominant
edge-linesubjectto constrainton their differencein posi-
tion andorientation.

ThePDSis assumedo beheldin ahand.Thussomepart
of the displayis occludedby a skin coloredregion. Prior
to boundarydetection a histogrambasedskin color detec-
tor is appliedto remove skin coloredregions. Edgepoints
arethendetectedisingthegradientmagnitudecomputedy
convolution with a gradientof a Gaussiaratanappropriate
scale, .

q

Gradient( ;x;y) =  Lx( ;x;y)°+ Ly( ;%)
whereL, andLy the rst Gaussiarderivatives. Pointsof
high contrastare usedby the Houghtransformto estimate
the screerboundariesasshavn in (Figure6). We arecur-
rently experimentingwith the useof a Laplacianof Gaus-
sianoperatotthathasbeentunedto thewidth of theborder
A ridgedetectoiis appliedto the Laplacianof Gaussianm-
age,andonly pointsalongasufciently long, straightridge
areusedto computethe Houghtransform.

The eventwhich representshe detectionof a clearrect-
anglein the red region of detectionshouldbe determined
with avery high accurag anddetectiorrate. Thatis why a
morecomple modulewhich additionallycomputesobust
ridgeswith maximaof Laplacian[7] canbe usedascon r-
mation: Figure7.

Screerboundariesreselectecasmaximain the Hough
spaceand representedn Figure 8 with red crosses. The
line positionis de ned by the following equation: =
xcos +ysin with 2 [0; ]. Houghtransformshaverel-
atively large costin memoryandcomputationatime. Nev-
erthelesslines areonly detectedn regionsof interestand
not in the whole image,thus speedingup the computation

Figure 6: Enhancedmage of the gradient(thresholdand
remove of skin color pixels)

Figure 7: Rolust ridgesdirectly computedon the source
image(withoutenhancementRedlinesarepositive Lapla-
cianvaluesandblue arenegative ones.

andreducingthememoryrequirementsMoreover, canbe

incrementedn intervalsof 2 or more.

4.4. Robust tracking of 4 segments

Once a rectanglehas beenclearly detectedin the region
of interest,a robust tracking algorithmis initialized. The
traclker follows targetsas pointsin the Hough spacewith
adaptve regionsof interestfor eachsetof four local max-
imain that space.The mobile cameraandvideo-projector
aresteeredogetheiin panandtilt soasto maintainthecen-
terof gravity of thefour pointsin thecenterof theprojected
image.

The aim is to continuouslytrack 4 local maximain the
Hough space predicttheir new locations,re-computethe
Houghspacefor the new imageandtestamongthe new lo-
calmaximathebestfour which de ne the new rectangldo-
cation. Thus,segmentsare rst independentlyracked giv-
ing for eachsggmenta list of possiblenew locations(Fig-
ure 10). Note thatin orderto speedup the algorithmthe
Houghspaceis only computedfor angles thatbelongto
thelocal maximaregionsof interest.
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Figure8: Houghspacewith the fteen highestlocal max-
imarepresentetly redcross

Figure9: List of linesdetectedusingthe local maximade-
tectedin the Houghspacg(Figure8)

Thelist of new linesis sortedby their con dencecom-
puted from a-priori constraintssuch as the position and
slopeof the previous sgment(i.e and ). Thesecon -
dencefactorsarecomputedisinga Mahalanobiglistance:

ArgMiny, (Y« X )T(C+C) (Y« X ) (1)
with:

- k theindex of thelinesfound.

-Yx = (; ) thecharacteristicef thesggment.
-C=( ; )theassumeerrorposition.

- X thepredictionof the new position.

- C thepredictionof theassumedarrorposition.

An adaptatiorof the RANSAC algorithmis usedto ap-
ply strongconstraintgo all possiblelines (Figure9). The
resultselectghefour mostlikely linesde ning thenew seg-
mentsposition. Thesestrongconstraintsensurethat seg-
mentsareroughlypairwiseparallelandthatthedistancebe-
tween2 parallelsegmentsare similar to distanceobsered
in the previousimage.

region of interest

Figure10: For oneof thefour maximatracked: list of hypo-
thetic new local maximacomparedo its assumegosition
givenby theprediction

Therobusttrackingalgorithmrunsasfollows:

1. Computethe enhancedGradientimage for the pre-
dictedregion of interest.

2. Thresholdthe resultingimageandremove pixels that
aretoo farfrom previouslinespositions.

3. Find maximain selectedregions of the Hough space
andfor eachsegmentof the previous rectangleloca-
tion: list andsortthe matchinglines.

4. Apply geometricconstraintgo the possiblelines ad-
justmentsandselectthe4 new maxima.

5. Updatenew characteristicaind predictthe new posi-
tionsof each4 local maximain theHoughspacede n-
ing four new regionsof interestin the Houghspace.

A Kalman lter is appliedto theregion of interestwhere
the PDSwasfound. If no rectanglein this region is found,
the size of the region of interestis increasedoy a factor
of 1.25. A con denceestimatds maintainedandif con -
dencefalls belav a threshold the tracker is haltedandthe
initialization proceduras re-started.

4.5. Projection of the imageonto the board

Therelationbetweera pixel of theprojectorimagewith ho-
mogeneousoordinategx;w; y;w; w]" andits correspond-
ing pointinto thePDS[u1; v1; 1] is a projective transform
with eight degreesof freedom. This transformationmay
be expressedn homogeneousoordinatesasa 3 by 3 pro-
jective transformationH . The nine coefcients of H can
be exactly determineddy the obsered positionof 4 points
combinedwith the constraintthatjHj = 1. Thesefour
points must be non-collinear Thatis, no subsetof three



pointsmay lie on the sameline in the obseredimage. In
thiscaseH is ahomographigrojectionthatpreseresthe
mappingfrom oneimageto anotherandis thusinvertible.
Thefour cornersof thedisplayscreentrackedby theHough
transform provide exactly sucha setof four points.

Observingthe four cornerpoints of the display screen
provides the homographictransformation,HS from the
screento the camera.As shawvn in [6] imagerecti cation
requiresthe homograpk from the screento the projector
HP.

HP =HP HS

Sincethe camerais rigidly mountedon the projector the

transformatiorH P is roughly constantlt canbe calibrated
duringsystensetupby interactively aligningtheboundaries
of a projectedrectanglewith the boundarieof the rectan-
gular screen. Thusthe obsened homograpl to the cam-

eracanbe corvertedto the requiredhomograpk from the

screerto the projector

Figurell: projectionof theimageinto the PDS

Figure11 shaws the resultof a projectionby the video-
projectorof aimageonto a handheld screen.This projec-
tion shouldleave the PDSbordersclearin orderto continue
to beeasilytracked.

5. Conclusion

This paperdescribes systemin which a camerais rigidly
mountedo avideo projector andthe camera-projectgpair
aresteeredogether Thecameramaybeusedto trackamo-
bile screerbothfor steeringhe camera-projectoassembly
andto estimatea homographidransformationso that the
projectedimagearrives at the screenin recti ed form. A
methodfor automaticenvironmentmodel captureis intro-
duced.Themethodtakesadvantageof the projectorsability
to control the positionof the projectedimagesin the ervi-
ronment.It enableghe systemto keepprojectingon a pla-
narscreeranimagewith a constantaspecratio evenwhile
rotatingthe projector This paperhasalsopresented nen

interactiondevice in a form of a portablescreensurface.
A techniqueis describedo redirectthe video-projectorto
a new display location by transportingthe screenon the
portabledisplaysurface.
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