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Abstract

Steerable videoprojectionsystemsmake it possibleto use
anyconvenientsurfaceasa display. Thispaperdescribesa
steerableprojectionsystemin which a projectoranda cam-
era are mountedin an overheadmotorizedassemblywith
twodegreesof freedom.Associatinga remotecamera to the
video projector makes it possibleto discover planar sur-
facesin the environmentthat can be usedas displaysur-
faces.

One possibleapplication of this systemis a ”portable
displaysurface”composedof a hand-heldwhitecardboard
surfacewith a black boundary. An estimationtechniqueis
describedin which the displayboundariesare tracked us-
ing a robust tracker to provide the necessaryinformation
to computean inversehomographyfor pre-warpingtheim-
age. Continuallyupdatingtheinversehomographyenables
thesystemto maintaina recti�ed image on thedisplaysur-
facedespite3D translationsandrotations.

Keywords: UbiquitousComputing,Augmentedenviron-
ment, Motorized video-projector, Projector-scenecalibra-
tion, Portabledisplaysurface.

1. Intr oduction
Associatingavideoprojectorwith avideocameraoffersan
inexpensive meansto transformany surfacein anenviron-
mentinto an interactive displaysurface.Rigidly mounting
thevideocameraontheprojectorprovidesanumberof use-
ful advantages.Observingthepositionof pointsin thescene
makesit possibleto estimatetheinversetransformationre-
quiredto pre-warp an imagebeforeprojection. Observing
the interactionof handsor limbs with projectedinforma-
tion providesa simpleandintuitivemodefor man-machine
interaction.

An earlysystemfor augmentinganenvironmentby com-
biningaprojectedinformationandcomputervisionwasthe
”digital desk” describedby Wellner andMacKay in [10].
Over the last few years,several augmentedenvironments
had beendesigned[5, 8] using single or multiple video-

projectorsto augmentordinaryobjectsandsurfaces.Until
recently, suchsystemshaveusedstaticallymountedprojec-
tors,thusrestrictingdisplayto limited partsof theenviron-
ment.

A devicefor redirectingtheprojectorbeambyasteerable
mirror, overcomingthespatialconstrainsof �x ed-projector
systems,hasbeenpresentedin [4]. In this system,theabil-
ity to project imagesin the environmentis restrictedto a
coneresultingfrom the mirror-projectorcon�guration. In
thispaperwedescribeaSteerableVideoProjectorplatform
(SVP), conceptuallysimilar to [2], that is able to project
imagesin any directionwithin ahemispherearoundthede-
vice. While somewhatbulky, ourdeviceanticipatesthecur-
renttrendof projectorsto becomeportabledevices,similar
in shapeto hand-heldtorchlamps[1].

Steerablevideoprojectorsoffer aninexpensivemeansto
transformany convenientsurfaceinto an informationdis-
play. However, unlessa surfaceis perpendicularto thepro-
jectorbeam,theresultingimagewouldbedistortedby pro-
jection. For planarsurfaces,thedistortionfrom projection
can be approximatedby a 3x3 projective transformation,
known asa planarhomography. A planarhomography is
a generalclassof transformationsthat includesrotations,
translations,scaling,andarbitraryaf�ne transformationsas
specialcases.Planarhomographiesare invertible andare
easilyestimatedfrom theobservedpositionof any known 4
pointson a surface.An inverseplanarhomography canbe
appliedto animagebeforeprojectionsothattheimageap-
pearson a planarsurfacewithout deformationover a wide
rangeof positionsandorientations.

Theenvironmentalsurfacessuitablefor displayuse,and
the requiredhomographictransformationfor eachsurface
could,in principle,bedeterminedfrom adetailed3D model
of an environment. However, the level of detail and pre-
cision necessaryfor suchestimationwould requirea pro-
hibitively expensiveprocessof surveying andmodelingthe
environment.Such3D modelingcanbeavoidedby directly
measuringtherequiredinformationusingacamera.

Several camera-basedmethodsof calibratingprojector-
displaysystemshave beenpresentedin [4, 11]. They are
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basedhowever on a time consuming3D modelingof the
screen,which is inappropriatefor potentially fastmoving
displays. Moreover they usea calibratedcamerato gen-
eratethemodelof theenvironment,which is an important
constraintfor thesysteminfrastructure.

A homography-basedautomaticcalibrationmethodhas
beendescribedin [6]. Thoughit usesanon-calibratedcam-
era to observe the scene,it hasa signi�cant disadvantage
of requiring that the camerais able to detectthe screen
boundaries.In this paperwe presenttwo displayapplica-
tionsthat includeautomaticimagerecti�cation. In the�rst
application,anSVPandanon-calibratedremotecameraen-
ablesdynamicimagerecti�cation on planarsurfaceslocal-
ized during an of�ine auto-calibrationof the system(Sec-
tion 3). In thesecondapplication,anSVPunit with its as-
sociatedvideocameraenablesdynamicimagerecti�cation
on screensdelineatedin theprojector�eld of view by their
four boundaries(Section4).

Thepossibilityof renderinginterfacesalmostanywhere
in an environmentgeneratesquestionsconcerninghow to
control and interactwith �e xible displays. An interesting
exampleof automaticcontrolof asteerabledisplayhasbeen
thesubjectof [3]. Thedisplaywasautomaticallyredirected
to the most appropriatesurfacecloseto the user. In this
paperwe addresstheproblemof enablingtheuserto con-
trol theprojectiondirection. We presenta tool thatcanbe
usedasa meansto transporta displayfrom onesurfaceto
another(Section4). We describea robust trackingmethod
thatenablesus to createa portablescreensurface. Robust
trackingof the screenboundaryenablesthe planarhomo-
graphicrecti�cation to be re-computeddynamicallyasthe
displayis moved.

2. Camera-Projector systems

Even for a rigidly mountedprojector, a certaindegreeof
steerabilitycanbe achieved in software,by restrictingthe
sizeof 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 projector's
pixel array, by modifying thetransformationfrom imageto
projector.

Extendingthe display surfacerequiresaugmentingthe
rangeof anglesto which the projectorbeammay be di-
rected.A low costtechniquefor redirectingtheprojection
beamwith theuseof amotorizedmirror hasbeendescribed
in [4]. Their techniqueusesoff-the-shelfcomponentsand
hasa capabilityto projectvery bright imageswithin a cone
restrictedby the mirror-projectorcon�guration. A proto-
type of a device having much lessspatialconstraintshas
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Figure1: Classi�cationof thecalibrationmethods

beenpresentedin [2]. In this device, a steerablepan-tilt
platform wasconstructedto carry a small video-projector
andacamera.With atrendtowardsincreasinglysmallvideo
projectorsandcameras,this approachwill becomeincreas-
ingly attractive.

In [11] projector-screencalibrationmethodsareclassi-
�ed as passive vs. active, and online vs. off-line. We
proposeto add to this classi�cation the numberof signif-
icant dimensionsof the acquiredscenemodel (Figure 1).
Off-line calibrationmethodshave beenusedfor staticap-
plications,wheretheprojector-screencon�gurationwasas-
sumedto be constantin time andexcludedeventualtran-
sitionsbetweendifferentcon�gurations.Suchanapproach
hasbeenpresentedin [3, 4], whereeachprojectionsurface
wasprede�nedandcalibratedasaplanarscreenby interac-
tively de�ning anappropriatehomography. Onemight say
that in this casetheenvironmentwasmodeledlocally asa
2D screensurface.An automatic2D modelacquisitionhas
beenpresentedin [6], wherethe homography matrix was
determinedby animageprocessingmethodbasedonanun-
calibratedcamera.Thougheasyto apply, this approachre-
liesonastrongassumptionthatthescreensurfaceis planar,
uniformin colorandhasdistinguishableborders.Suchcon-
straintsareoftenviolatedwhenprojectingonunconstrained
surfacesin realenvironments.

For most static or semi-staticapplications,where the
screenis assumedto be planar, a 2D scenemodel of the
environmentis suf�cient. Threedimensionalenvironmen-
tal modelscan be usedto enablerenderingof imageson
screenswith complex geometries.However, mostsuchsys-
temsgeneratecorrectviews whenseenonly from a single
point in thescene.For example,in [5] imperceptiblestruc-
turedlight is usedto acquirethe3D geometrymodelof the
screenin an augmentedof�ce application. Using someof
the projectorsenergy to generatethe structuredlight pat-
ternsvisibly decreasesthe imagecontrast. An alternative
methodbasedonimageprocessingtechniques,in particular
onimagefeaturedetection,hasbeenshown in [11]. Bothof
thesesystemsassumeacalibratedprojector-camerasystem.
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3. The steerableprojector

Our systemhas beendesignedto enableexperimentsin
which a room is usedasan interactive displaysurface. In
particular, oursystemmustpermitexperimentsin which in-
teractive displaysurfacesareautomaticallyadaptedto the
relative positionsand orientationsof users. To meetthis
challenge,we have constructeda SteerableVideo Projec-
tor (SVP)platformthatprovidesavideo-projectorwith two
mechanicaldegreesof freedom:panandtilt.

The SVP is composedof an XGA-resolution video-
projector, a computercontrolled pan-tilt platform and a
CCD, PAL videocamera.Themechanicalcon�guration is
shown in Figure 2. The SVP mechanicalperformanceis

Figure2: Schemeof SVP

presentedin Table1. In orderto reusethecommunication
protocolandhardware interfacefrom the pan-tilt cameras
installedin our AugmentedMeeting Environmentlabora-
tory we constructedour systemby cannibalizinga widely
usedcommerciallyavailablepan-tilt camera.We notethat
this environmentalsoincludessteerablecamerasmounted
in eachof the four upper cornersof the room, close to
the ceiling. The serial computerinterfacefor the pan-tilt
headwas connectedto high performancesteppermotors,
enablingrotationof a load of up to approximately2.5kg.
Thecameraandlensassemblywasdetachedfrom its pan-
tilt baseandrigidly �x edto theprojectormounting.A me-
chanicalassemblywasdesignedso that the SVP could be
mountedon the ceiling in an of�ce-lik e augmentedenvi-
ronment.

Table1: Rotationplatformmechanicalperformance
Pan Tilt

Rotationrange � 177� +90 �

Angularresolution 0:11� 0:18�

Angularvelocity 146deg
s 80deg

s
Responsetime � 2ms � 3ms

3.1. Rectifying projectedimages
Our approachto image geometrycorrectionis basedon
the observation that in most of�ce or room-like environ-
mentsthe majority of surfacessuitablefor useas projec-
tion screensareplanar. We presenta two stepmethodfor
oblique distortion correctionin imagesprojectedon any
partof arbitrarily orientedplanarsurfaces.Themethodre-
quirestheuseof a motorizedvideo-projector(with known
opticalparameters),andanarbitraryplacednon-calibrated
videocamera.Thecameramustseetheentireprojectedim-
ages.

First the cameraacquiresnecessarydata to verify the
shape,size and orientationof the screensurface(Section
3.2). Secondfor eachprojector-screencon�guration the
systemcalculatesthenecessarypre-warpthathasto beap-
plied to the projectedimage in order to compensatethe
obliquedistortions(Section3.3). This methodcanbe ex-
tendedby a third stepcorrectingdistortionsthataredueto
a non-planarshapeof thescreen.It couldalsobebasedon
algorithmspresentedin [1] or [11].

3.2. Finding the screen
The�rst phaseof our methodis anautomaticoff-line cali-
brationbasedon theobservation thata perspective projec-
tion transformsa line into anotherline. The projectionof
an imageonto a planarsurface,aswell the observation of
planarsurfacewith a camera,aredescribedby a simpli�ed
(or degenerate)form of perspective transformations.

Sincea compositionof two perspective transformations
conservesstraightlines,thisfeaturecanbeexploitedto pro-
videasimplemethodto determinesurfacesthataresuitably
closeto planarto beusedasadisplaysurfacefor a recti�ed
image. A grid patternis projectedby the video projector
andcapturedby any availablevideocameras.Usingalgo-
rithmsdescribedbelow in Section4 we�nd theshapeof the
patternin thecameraimage.Any discontinuityof thepro-
jectedlines indicatesa corner-like distortionof thescreen.
A curvedappearanceof thelinesin thepatternindicatesthat
thesurfaceis notplanar.

The systemrecordsprojectororientationanglescorre-
spondingto eachdetectedsurface.As aresult,atwo dimen-
sionalmodelof the environmentis createdin which each
surfacehasa representationasa region.

Conservationof linesis alsousedto establishthecon�g-
urationsin which the optical axis of the video-projectoris
parallel to the normalof the screensurface. For this, two
patternsof two dotsareprojectedandmovedacrossthesur-
facewithin the sight of a camera.The dots lie on oneof
two lines(averticalandhorizontalwith respectto theimage
borders)crossedin theopticalcenterof theimage.Eachdot
is colorcodedin orderto identify it in eachcameraimage.

A vertical aligneddot patternis projectedwhenestab-
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lishing theanglebetweenthescreennormalandtheoptical
axisof theprojectorin theverticalplane.While rotatingthe
projectoraroundits verticalaxis,thepointsaredetectedin
the cameraimage. Eachof the pointsfollows a trajectory
which is a function of the projector-screen-cameracon�g-
uration. A linear regressionalgorithmis appliedfor each
sequenceof coloredpointsseenby thecameraanda mean
point-to-linedistanceis calculated.Theminimumdistance
correspondsto a trajectoryalignedwith the intersectionof
the screenwith a perpendicularplanepassingthroughthe
focal point of the projector. Oneof the projector's orien-
tation anglescan be measuredwith respectto the screen
by detectingthisminimumandthecorrespondingpoint co-
ordinatesin the projectedimage. In a similar manner, the
secondorientationangleis found usinga color-patternof
horizontallyaligneddots.

Theability of theautomaticenvironmentmodelingtech-
niqueto determinetheorientationof planarsurfacesis lim-
ited to certainprojector-screencon�gurations. In particu-
lar, with the presentedtechniquethe systemis unableto
�nd the orientationof small-areasurfaces. Thus the sys-
temis unableto correctimagedistortionsusingthemethod
describedbelow (Section3.3). Thereforein Section4 we
presentanalternativeprojector-screencalibrationtechnique
thatenablesusto projectrecti�ed imagesalsoonsmall-size
screens.

3.3. Projector-screendistortions model
The goal of the distortioncorrectionalgorithmis to deter-
minea transformationM from sourceimageX si to a pro-
jectedimageX pi .

X pi = M X si

Thistransformationshouldbesuchthatafterprojection,the
projectedimageappearsas if the sourceimagehad been
projectedto a perpendicular, planarscreen,up to a scale
changeS.

SP0X si = PX pi

We de�ne the origin of the projectedimageframeRpi

andthe sourceimageframeRsi asthe intersectionof the
projectoropticalaxiswith theimage.Theorigin of aworld
referenceframe RW is in the focal point of the video-
projectoroptics. The xw axis is alignedwith the vertical
rotationaxisof theprojector. Thezw axispointsto oneof
theplanarsurfacesin theenvironmentandis parallelto the
normalof the surface(Figure3). The two angles and�
de�ning the positionof the SVP equalzerowhenthe pro-
jectoropticalaxis is alignedwith thezw axis of theworld
frame.ThereforetheprojectionP of apointin theprojected
imageframeRpi canbedecomposedas:

X S = PX pi = PpCX pi

virtual wall

projector
ys

d

�f

zpi

zw

zsi zs

ypi

yw

ysi

Figure3: Projectionmodel

Wherethe matrix C correspondsto a transformfrom the
projectedimageframeRpi to theworld frameRW . It has
thefollowing form:
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Wheref is the focal lengthof the projectoropticsandR
is the projectorrotation matrix. The projectorprojection
matrixPp is composedof thedistanced of thescreento the
focal centerof theprojector:

Pp =
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Theunknown distanced canbearbitrarychosen,sincethis
resultsonly in a changeof scale.Onecansaythattransfor-
mationsC andPp projectpointsfrom theprojectedimage
frameontoa virtual screenat a distanced from theprojec-
tor focal center. Theboundariesof theprojectionaredeter-
minedsuchthatthecornersof theprojectedimagecoincide
with thecornersof thevirtual screen.

Within theseboundariesthesystemcandisplayarectan-
gle(or any other�gure) X Sr thatuserswould like to seeon
the real screen.The rectanglesizecanbe adaptedso that
apparentsize is independentof the orientationor position
of thescreensurfaceby calculatingthetransformationfrom
thefour screencorners.

In orderto determinethenew coordinatesof a recti�ed
imageX Sr onecantranslatetheimageX S0 thatwould re-
sult from aperpendicularprojectionP0 by a translationT.
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Whichcanalsobeexpressedas:

X Sr = TP0X si

Finally thedesired�gure X Sr canbeback-projectedto the
Rpi (projectedimageframe).

X pi = TB PB RT X Sr

WhereP0 = PpC for  = 0 and� = 0. The matrix RT

is thetransposein homogeneouscoordinatesof therotation
matrix R. MatrixesPB andTB assuretheback-projection
from thesceneto X pi .

PB =

2
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Sincewe know the parametersof the projectorandthe
orientationangles,it is suf�cient to apply the mappingM
to thedesiredimageshapeX si .

X pi = TB PB RT TP0X si = M X si

TheresultingimageX pi shouldnot exceedtheprojector's
pixel array, otherwisewehave to applyanappropriatescal-
ing.

Thanksto this approachwe areableto dynamicallyrec-
tify theimagewhile sweepingit overaplanarsurfacewith-
out having to recalibratethe projector-screensystemfor
eachpositionof theSVP.

4. Application: a novel user-interface
The associationof a steerablevideo projectorwith a cam-
eraenablesto convertanordinaryroominto an“interactive
environment”. If the correctionmatrix for a new display
surfaceis basedon previously createdenvironmentmodel
(Section3.2)or aprecalibrationmethod,asproposedin [4],
theninteractionis limited to pre-de�nedstaticsurfaces.Dy-
namicrecalibrationallows us to extendinteractionto mo-
bile, hand-heldsurfaces.

In this sectionwe illustratetheuseof thesteerablepro-
jector by describinga new form of interactive device us-
ing only a smallhand-heldscreen.We call this a ”Portable
DisplayScreen”or PDS.Thesteerablevideo-projectorwith
its associatedcamerawill beusedto transferaninteractive
displayfrom a large screenonto the hand-heldscreen,au-
tomaticallycorrectingfor 3D translationsandrotationsas
the screenis moved. The SVP cameracanbe usedto de-
tectwhentheuserplaceshis �ngers or handover a partof
thescreenin orderto selector manipulateprojectedinfor-
mation. Additionally the PDSwill be usedasa meansof
transferringthe projectedinformationbetweenscreensur-
facesin theenvironment.

A typical applicationscenariofor the PDSwould be as
follows: at theendof apresentationwhereslideshavebeen
displayedon a wide screen,a usermay wish to move the
display from a main wide screensomewhereelse. Intro-
ducingthehand-heldscreenover theprojectedimageindi-
catesthat userwishesto move an interactive displayonto
the hand-heldscreen.Our steerableprojector-camerapair
allow to maintaintheimageon thesmallhand-heldscreen.
As the PDSis removed from the previous locationof the
widescreen,its cornersaretrackedto allow theprojectorto
besteeredin orderto maintaintheimageonthePDS.Track-
ing thescreencornersenablesalsotheprojectedimageto be
recti�ed. The informationcanbe transferedfrom thePDS
on anotherdisplaysurfaceby placingthePDSover it. By
doingit theusercande�ne anew displaysurfacein theenvi-
ronment.By knowing thepositionof thefour cornersof the
PDS,thesystemimmediatelyknows themappingbetween
theprojectedimageandthenewly chosenplanarsurface.

4.1. The PDS
The PDS can be madefrom any �at screenthat is small
enoughto beheldin a hand.Thescreenshouldhave a uni-
form, light-coloredsurfacedelineatedby a clearly marked
border. An exampleis shown in Figure4. It is a pieceof
whitecardboardwith blackboarders.

Figure4: A hand-heldscreenusedto constructa portable
displaysurface

4.2. Initialisation of the user-interface applica-
tion

In order to initialize our PDS demonstration,we addeda
smallredrectangleto theupperright regionof theprojected
image(Figure5). Passingthehand-heldscreenoverthisred
rectangleinitializesthePDS.

4.3. Tracking the PDS
Both trackingandimagerecti�cation arebasedontheposi-
tion of the four cornersof thehandheldscreen.However,
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Figure5: Detectionof a rectanglein theupperright partof
theboard

the corners,themselvesmay be occluded.Ratherthantry
to directly detectthecorners,we usea Houghtransformto
estimateandtrackthefour screenboundaries.Thecorners
arethendeterminedastheintersectionof thefour dominant
edge-linessubjectto constraintson their differencein posi-
tion andorientation.

ThePDSis assumedto beheldin ahand.Thussomepart
of the display is occludedby a skin coloredregion. Prior
to boundarydetection,a histogrambasedskin color detec-
tor is appliedto remove skin coloredregions. Edgepoints
arethendetectedusingthegradientmagnitudecomputedby
convolutionwith a gradientof a Gaussianat anappropriate
scale,� .

Gr adient(� ; x; y) =
q

L x (� ; x; y)2 + L y (� ; x; y)2

whereL x andL y the �rst Gaussianderivatives. Pointsof
high contrastareusedby theHoughtransformto estimate
thescreenboundaries,asshown in (Figure6). We arecur-
rently experimentingwith the useof a Laplacianof Gaus-
sianoperatorthathasbeentunedto thewidth of theborder.
A ridgedetectoris appliedto theLaplacianof Gaussianim-
age,andonly pointsalongasuf�ciently long,straightridge
areusedto computetheHoughtransform.

Theeventwhich representsthedetectionof a clearrect-
anglein the red region of detectionshouldbe determined
with a very high accuracy anddetectionrate.Thatis why a
morecomplex modulewhich additionallycomputesrobust
ridgeswith maximaof Laplacian[7] canbeusedascon�r -
mation:Figure7.

Screenboundariesareselectedasmaximain theHough
spaceand representedin Figure 8 with red crosses.The
line position is de�ned by the following equation: � =
x cos� + y sin � with � 2 [0; � ]. Houghtransformshaverel-
atively largecostin memoryandcomputationaltime. Nev-
ertheless,lines areonly detectedin regionsof interestand
not in the whole image,thusspeedingup the computation

Figure6: Enhancedimageof the gradient(thresholdand
removeof skincolorpixels)

Figure 7: Robust ridgesdirectly computedon the source
image(withoutenhancement).RedlinesarepositiveLapla-
cianvaluesandbluearenegativeones.

andreducingthememoryrequirements.Moreover, � canbe
incrementedin intervalsof 2 or more.

4.4. Robust tracking of 4 segments
Oncea rectanglehasbeenclearly detectedin the region
of interest,a robust trackingalgorithmis initialized. The
tracker follows targetsas points in the Hough spacewith
adaptive regionsof interestfor eachsetof four local max-
ima in that space.Themobilecameraandvideo-projector
aresteeredtogetherin panandtilt soasto maintainthecen-
terof gravity of thefour pointsin thecenterof theprojected
image.

The aim is to continuouslytrack 4 local maximain the
Hough space,predict their new locations,re-computethe
Houghspacefor thenew imageandtestamongthenew lo-
calmaximathebestfour whichde�ne thenew rectanglelo-
cation. Thus,segmentsare�rst independentlytrackedgiv-
ing for eachsegmenta list of possiblenew locations(Fig-
ure 10). Note that in order to speedup the algorithmthe
Houghspaceis only computedfor angles� that belongto
thelocalmaximaregionsof interest.
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Figure8: Houghspacewith the �fteen highestlocal max-
ima representedby redcross

Figure9: List of linesdetectedusingthelocal maximade-
tectedin theHoughspace(Figure8)

The list of new lines is sortedby their con�dencecom-
puted from a-priori constraintssuch as the position and
slopeof the previous segment(i.e � and � ). Thesecon�-
dencefactorsarecomputedusingaMahalanobisdistance:

Ar gM in Yk (Yk � X � )T (C + C � ) � 1(Yk � X � ) (1)

with:
- k theindex of thelinesfound.
- Yk = (�; � ) thecharacteristicsof thesegment.
- C = (� � ; � � ) theassumederrorposition.
- X � thepredictionof thenew position.
- C � thepredictionof theassumederrorposition.

An adaptationof theRANSAC algorithmis usedto ap-
ply strongconstraintsto all possiblelines (Figure9). The
resultselectsthefour mostlikely linesde�ning thenew seg-
mentsposition. Thesestrongconstraintsensurethat seg-
mentsareroughlypairwiseparallelandthatthedistancebe-
tween2 parallelsegmentsaresimilar to distanceobserved
in thepreviousimage.

maximum
of the

Prediction

region of interest

3 new local maxima

Figure10: For oneof thefour maximatracked: list of hypo-
theticnew local maximacomparedto its assumedposition
givenby theprediction

Therobusttrackingalgorithmrunsasfollows:

1. Computethe enhancedGradient image for the pre-
dictedregionof interest.

2. Thresholdthe resultingimageandremove pixels that
aretoo far from previouslinespositions.

3. Find maximain selectedregionsof the Houghspace
and for eachsegmentof the previous rectangleloca-
tion: list andsortthematchinglines.

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

5. Updatenew characteristicsandpredict the new posi-
tionsof each4 localmaximain theHoughspacede�n-
ing four new regionsof interestin theHoughspace.

A Kalman�lter is appliedto theregionof interestwhere
thePDSwasfound. If no rectanglein this region is found,
the size of the region of interestis increasedby a factor
of 1.25. A con�denceestimateis maintained,andif con�-
dencefalls below a threshold,the tracker is haltedandthe
initializationprocedureis re-started.

4.5. Projection of the imageonto the board
Therelationbetweenapixel of theprojectorimagewith ho-
mogeneouscoordinates[x1w; y1w; w]T andits correspond-
ing point into thePDS[u1; v1; 1]T is a projective transform
with eight degreesof freedom. This transformationmay
beexpressedin homogeneouscoordinatesasa 3 by 3 pro-
jective transformation,H . The nine coef�cients of H can
beexactly determinedby theobservedpositionof 4 points
combinedwith the constraintthat j

�!
H j = 1. Thesefour

points must be non-collinear. That is, no subsetof three
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pointsmay lie on the sameline in the observed image. In
this case,H is a homographicprojectionthatpreservesthe
mappingfrom oneimageto another, andis thusinvertible.
Thefourcornersof thedisplayscreen,trackedby theHough
transform,provideexactlysuchasetof four points.

Observingthe four cornerpoints of the display screen
provides the homographictransformation,H c

s from the
screento the camera.As shown in [6] imagerecti�cation
requiresthe homography from the screento the projector
H p

s .

H p
s = H p

c H c
s

Sincethe camerais rigidly mountedon the projector, the
transformationH p

c is roughlyconstant.It canbecalibrated
duringsystemsetupby interactivelyaligningtheboundaries
of a projectedrectanglewith the boundariesof the rectan-
gular screen.Thusthe observed homography to the cam-
eracanbeconvertedto the requiredhomography from the
screento theprojector.

Figure11: projectionof theimageinto thePDS

Figure11 shows theresultof a projectionby thevideo-
projectorof a imageontoa handheldscreen.This projec-
tion shouldleavethePDSbordersclearin orderto continue
to beeasilytracked.

5. Conclusion
This paperdescribesa systemin which a camerais rigidly
mountedto avideoprojector, andthecamera-projectorpair
aresteeredtogether. Thecameramaybeusedto trackamo-
bile screenbothfor steeringthecamera-projectorassembly,
and to estimatea homographictransformationso that the
projectedimagearrivesat the screenin recti�ed form. A
methodfor automaticenvironmentmodelcaptureis intro-
duced.Themethodtakesadvantageof theprojectorsability
to control thepositionof theprojectedimagesin theenvi-
ronment.It enablesthesystemto keepprojectingon a pla-
narscreenanimagewith a constantaspectratio evenwhile
rotatingtheprojector. This paperhasalsopresenteda new

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