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Abstract

A systemof coordinatedprojectorsand camerasenables
thecreationof projectedight displaysthatarerobustto en-
vironmentaldisturbancesThis paperdescribespproaches
for tackling both geometricand photometricaspectsof
the problem: (1) the projectedimageremainsstableeven
whenthe systemcomponentgprojector camereor screen)
aremoved;(2) the displayautomaticallyremovesshadevs
causedy useramoving betweeraprojectorandthescreen,
while simultaneouslysuppressingorojectedlight on the
user The former can be accomplishedvithout knowing
the positionsof the systemcomponentsThe latter canbe
achieved without direct obsenation of the occluder We
demonstrateéhat the systemrespondsjuickly to erviron-
mentaldisturbanceandachieveslow steady-staterrors.

1 Intr oduction

Theincreasingffordability andportability of highqual-
ity projectorshasgenerate suge of interestin projector
camerasystemsRecentexamplesncludethe construction
of seamlessnulti-projectorvideowalls [1, 2, 3, 4], real-
time rangescanning[5] andimmersive 3-D virtual envi-
ronmentgeneratiorj6]. In mostof theseprevioussystems,
camera@reusedto coordinatehe aggreationof multiple
projectorsinto a single, large projecteddisplay In con-
structinga video wall, for example,the geometricalign-
ment and photometricblending of overlappingprojector
outputscanbeaccomplishedby usingacamerao measure
the keystonedistortionsin projectedtestpatternsandthen
appropriatelypre-warping the projectedimages. The re-
sultis a highly scalabledisplaysystemjn contrasto x ed
formatdisplayssuchasplasmascreens.

In additionto theirutility in creatingwall-sizeddisplays,
projectorcamerasystemsanalsobeusedto createubiqui-
tous,interactive displaysusingtheordinaryvisible surfaces
in a persons ernvironment.Displayscould be conveniently
locatedon tabletops nearbywalls, etc. Userscould repo-
sition or resizethemusingsimplehandgesturesDisplays
could even be “attached”to objectsin the ervironmentor
be madeto follow a useraroundas desired. This could
be particularlycompellingasmeango augmenthe output
capabilitiesof handhelddevicessuchasPDAs. In orderto
realizethis vision, two challengingsensingoroblemsmust
be solved: (1) Determiningwhereandhow to createdis-
playsbasedninputfrom theuser (2) Creatingstabledis-
playsin the presenceof ervironmentaldisturbancesuch
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asocclusiondy the userandchangesn ambientlight.

In this paperwe examinethe visual sensingchallenges
thatarisein creatinginteractive occlusion-frealisplaysus-
ing projectedlight in real-world ervironments. The rst
challengas to allow theuserto interactvely de ne there-
gion containingthe display and then automaticallycali-
bratethe camerasand projectorsto that region. The sec-
ond challengeis to maintainthe stability of the display
in the face of ervironmentaldisturbancesuchas occlu-
sions. Speci cally, thereare two problemsthat arisein
front-projectionsystemswhen a userpassedetweenthe
projectorsandthedisplaysurface:(1) Shadevs castonthe
display surfacedueto the occlusionof one or more pro-
jectorsby the user (2) Bright light projectedon the user
which is often a sourceof distractionanddiscomfort. We
present solutionto thesetwo challengeshatdoesnotre-
quire accurate3-D localizationof projectors,cameraspr
occluders,and avoids the needfor accuratephotometric
calibration of the display surface. The key is a display-
centriccameraeedbacKoop thatrejectsdisturbancesnd
unmodeleceffects.

Our system uses multiple, corventional projectors
which are positionedso that their projectionsoverlap on
the selecteddisplay surface. It producesshadev-free dis-
playsevenin the presencef multiple, moving occluders.
Furthermore projectorlight caston the occludersis sup-
pressedwithout affecting the quality of the display The
resultis shovn in Figure4.

Thetwo classe®f problemgo beaddresseth our sys-
temare: (i) geometricand(ii) photometric. Thegeometric
problemsrelateto computationof the spatial correspon-
denceshetweenpixelsin the projectorsandthe projected
displayon the screen.The projectorsshouldbe accurately
and automaticallycalibratedto the screen,to the camera
andto eachother Thecalibrationshouldenabletheimages
in eachprojectorto be pre-warpedsoasto createa desired
projecteddisplaythatis alignedwith the screen.It should
bepossibleto controlthedisplayareaonthescreenn real-
time. Thephotometridssuesaretheaccuratendfastcom-
putationof thedesiredpixel intensitiesn eachprojectorso
asto eliminate shadavs and suppresccluderillumina-
tion. This involvesocclusiondetectionbasedon camera
inputandcorrectlyadaptingheprojectoroutputto achiere
thenecessargoals.Thesewo classe®f problemsaread-
dressedn section? and3 respectiely.



2 Autocalibration of Cameras and Projec-
tors

In a multi-projectorsystem several projectorsare posi-
tionedsothattheir outputscorvergeontoadisplaysurface

(seeFigure?2). Thegoalis to combinethelight from the
projectorsto createa single, sharpimageon . Clearly,
one cannotsimply projectthe sameraw image simulta-
neouslythroughthe different projectors;not only doesa
given pointon correspondo very differentpixel loca-
tionsin eachprojector but theimageproducedon  from
ary single projectorwill be distorted(sincethe projectors
areoff-centerto ).

We assumethat: the positions, orientationsand opti-
cal parametersf the cameraand projectorsare unknown;
cameraandprojectoropticscanbe modeledby perspectie
transformstheprojectionscreeris at. Thereforethevar
ioustransformdbetweercamerascreerandprojectorscan
all bemodeledas2-D planarhomographies:

1)
where and are correspondingointsin two
framesof reference,and , constrained
by , arethe parameterspecifyingthe homogra-

phy. Theseparametersanbe obtainedrom asfew asfour
point correspondencessingthe camera-projectatalibra-
tion techniquedescribedn [7].

The homographyfor eachcamera-projectopair
canbedeterminedy projectingarectangldrom thegiven
projectorinto theervironment.Thecoordinate®f therect-
angles cornersin projectorcoordinateg areknown
a priori, andthe coordinatef the cornersin the camera
frame( arelocatedusingstandardmageprocessing
techniques.

2.1 Real-Time Calibration

A key issuefor the robustnesof the projectorcamera
systemis the ability to recalibrate the homographies
quickly if eitherthe camereor the projectoraremoved. In
addition,a basicquestionis how to specifythe locationof
thedisplay We now describeareal-timecalibrationsystem
which addresseboth of theseconcerns.The systemuses
a setof four ducial markson a displaysurfacesuchasa
wall or tableto de ne thefour cornersof the desiredpro-
jectedarea. Sincewalls tendto be light colored,we have
foundthatarny smalldarktarget,suchasa poker chip, can
seneasa ducial. By positioningthetargetsappropriately
onthedisplaysurface theusercanidentify thedesireddis-
play area.Throughvisualtrackingof boththe positionsof
thefour markersandthecornersof thequadrilateraformed
by the projectoroutput,the appropriatdransformatiorcan
becomputed.

1Hough-transforntine- tting [8] locatesheedge®f thequadrilateral,
andits cornercoordinatesregivenby intersectingheseines.

Thegeometriaelationshipbetweerthedetecteaorners
of the projectorquadrilaterabndthe locationof the mark-
ersdeterminesa homographythatalignsthe projectorout-
put with the marlkers. The imagecoordinatesof the four
markersfully specifythehomographypetweercameraand
screen . Thehomographybetweeneachprojectorand
thescreen canberecoveredusingthe equation:

(2)

wherethehomographiesntheright handsideof theequa-
tion areall known.

In someapplicationsthe positionsof the projectoror
cameraaswell asthepositionsof themarkers,maychange
over time. We can view eachof thesechangesas dis-
turbanceghat perturbthe calibratedrelationshipbetween
the camerasprojectors,anddisplay In this instancedis-
turbancerejectioncanbe easilyaccomplishedy tracking
thequadrilaterabornersandmarker positionsin real-time,
and updatingthe warping parametersppropriately Note
thatthe dynamicsin this caseareextremelyfast,sincethe
only limit onthespeedatwhichtheprojectoroutputcanbe
changeds the overall systenmbandwidth.

2.2 Experimental Results

We performedthreeexperimentsto evaluatethe ability
of thevisualfeedbacKoop to compensatéor disturbances
to the projectorand camerapositionsandthe positionsof
the ducial markers.Our systemcanperformtrackingand
disturbanceejectionat 10 Hz.

The rst experimenttestedthe ability of the systemto
compensatéor changesn thelocationof the markers,re-
sulting in arescalingof the projecteddisplay Figurel(a)
and(b) shaws the resultfor two differentmarker con gu-
rations.Notethe automatiaescalingof the displayregion,
sothatits cornergemainalignedwith themarkers.In each
image,the boundaryof the projectedareacanbe seenasa
large pale quadrilaterawhich containsthe displayregion.
In this testthe projectorsand cameraremainedstationary
andsothe locationof the projectorquadilaterain the im-
age doesnot change(i.e. did not change). These
imageswerecapturedwith a secondcamerdocatedin the
audiencewhichwasnot usedin autocalibration.

In thesecondexperimentwe keptthecameraandmark-
ers x edandchangedhe locationof the projector Small
disturbancesn the projectororientationcaninducelarge
changesin the display The resultis illustratedin Fig-
ure 1(c) and(d) for two positionsof the projector As de-
sired, the con guration of the display region on the wall
asde ned by the x edmarkersis unafectedby movement
of the projector Note alsothat thereis no changein the
marker positionsbhetweerframes,asexpectedii.e. did
notchange).

The third experimenttestedthe responsef the system
whenthe positionof the cameravaschangedandthe pro-
jectorandmarkersremainedx ed. In this situation,there
is no changen thehomographybetweerthe projectorand
thedisplay(i.e. doesnot change).However, theim-
agelocationsof boththe marker positions(in ) andthe
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Figure 1. (a) and (b): The effect of a change in the marker con guration on the system is shown at
two diff erent time instants. The four markers de ne an interface by whic h the user can contr ol the
size and location of the display. (c) and (d): The effect of a chang e in the projector position is shown
at two different time instants. The projector quadrilateral changes while the display de ned by the
marker s does not. (e) and (f): The effect of a chang e in the camera position is shown at two diff erent
time instants. The entire image is distor ted, but the display contin ues to Il the region de ned by the

marker s.



quadrilateralcorners(in ) will changeasthe camera
moves. Figure 1(d) and (e) illustratesthe resultfor two

cameracon gurations. Once againthe display is unaf-

fected, as desired. Theseimageswhere capturedby the

camerawhichis usedin autocalibration.

3 Shadown Elimination and Occluder Light
Suppression

In this sectionwe describea systenwhich handlegeal-
time photometriccompensationsingvisualfeedbackThe
systemcomprisesa numberof projectorswhich areaimed
atascreersuchthattheir projectionregionsoverlapanda
camerawhich is positionedsuchthat canview the entire
screen.During normalfunctioning, the systemdisplaysa
high quality, dekeystonedmageonthescreenWhenusers
walk betweenthe projectorsandthe screen,shadavs are
castonthescreenTheseshadavs canbe classi edasum-
bral whenall projectorsare simultaneouslyoccluded,or
penumbal whenatleastoneprojectorremainsunoccluded.
The systemeliminatesall penumbralkhadaevs caston the
screer? aswell assuppressingrojectorlight falling onthe
occluders.This enableghe systemto continuepresenting
ahigh qualityimagewithout projectingdistractinglight on
users.SeeFigure2 for the setup.

Shadow 2 Shadow 1

Display surface (S)

Camera (C)

Projector (P1)

Projector (P2)

Figure 2. An overhead view of the multi-
projector display system. Several projector s
( , ) are placed such that their projec-
tion areas converge onto the display surface
(). Acamera ( )is positioned so that is
clearly visib le in its eld of view. The pro-
jector s combine their pre-warped outputs to
create asingle high-quality imageon based
on computed homographies. The system is
able to dynamicall y compensate for penum-
bral shadows and suppress projected light
on occluders.

2By de nition, pixels in an umbral shadev are blocked from every
projectorandcannotbe removed. Umbral shadavs canbe minimizedby
increasingthe numberof projectorsand by mountingthe projectorsat
highly-obliqueangles.

3.1 Photometric Framework

After theprojectorshavebeengeometricallyalignedwe
caneasilydeterminewhich sourcepixels from the projec-
tors contrituteto the intensityof anarbitraryscreerpixel.
In thefollowing analysiswe assumehatthe contributions
are at somelevel additve. Given  projectors,the ob-
sened intensity  of a particularscreenpixel at time
may be expressedy

(3)

where isthecorrespondingourcepixel intensitysetin

projector attime , is the projectorto screeninten-
sity transferfunction, is the ambientlight contribution

which is assumedo be time invariant, is the screen
to camerantensitytransferfunctionand  is the visibil-

ity ratio of the sourcepixel in projector attime . See
Figure3.
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Figure 3. Photometric framework. This di-
agram illustrates equation (3), in which the
observed display intensity is related to
the combination of projector source pixels
and the corresponding Vvisibility ratios
. The visibility ratios vary accor dingl y with
non-occ lusion, partial and full occlusion.

Whenoccludersobstructhepathsof thelight raysfrom
someof the projectorsto the screen, diminishesand
shadevsoccut Thissituationis quantitatvely modeledvia
thevisibility ratios,which representhe proportionof light
raysfrom correspondingourcepixelsin theprojectorghat
remainunobstructed.

Mathematically the desiredintensity of a particular
screerpixel mayberepresentety  (obtainedin anini-
tialization phase). As an occluderis introducedin front
of projector to createpenumbrakhadavs, the visibility
ratio decreasessuchthat . Hence
Thesedeviationsin the screencanbe detectedvia a pixel-
wise imagedifferencebetweercurrentandreferencecam-
eraimagedo locateshadaev artifacts.



3.2 lterati ve Photometric Compensation

Our systemhandlesoccludersy

1. compensatindor shadavs on the screenby boosting
theintensitiesof unoccludedsourcepixels;and

2. removing projector light falling on the occluderby
blankingtheintensitiesof occludedsourcepixels.

Asin [9], thechangen theintensityof eachsourcepixel
in eachprojectoris controlledby thealphavalueassociated
with the pixel:

4)
where is theoriginal valueof the sourcepixel (i.e. pixel
valuein the presentatiorslide) andis the sameacrossall
projectors,while is the time-varying,
projectordependenalphavalue. The alphavaluesfor the
sourcepixelsin oneprojectoris collectively termedthe al-
phamaskfor the projector

Shadaevs should be eliminatedby adjustingthe alpha
masksfor all projectorssuch that is mini-
mized. Additionally, alphavaluesfor occludedsourcepix-
elsshouldbe setto zeroin orderto supresgrojectorlight
falling on the occluder This canbe doneiteratively with
theaid of the visualfeedbackrom thecamera.

3.3 Componentsof the Visual FeedbackRule

Eliminatingshadavs involvesincreasingsaluesfor cor-
respondingsourcepixels. The shadaev elimination (SE)
componenbf thesystemis basecbn

SE )

where is changeof in the next
time-frame,and is a proportionalconstant.This compo-
nentis a simpleproportionalcontrollaw.

Suppressinghe projectorlight falling on the occluders
involvesdiminishingthesourcepixelscorrespondingo the
occludedlight rays. We determinewhethera sourcepixel
is occludedby determiningif changesn the sourcepixel
have resultedin changesin the screenpixel. However,
sincethereare  possiblechangesf sourcepixel inten-
sitiesfrom  projectorsbut only one obsenable screen
intensity we needto probeby varying the sourcepixels
in differentprojectorsseparatelyThis cyclical probingre-
sultsin a serialvariationof the projectorintensities.

The light suppressiorfLS) componenbf the feedback
rule is basedn

LS —_— (6)

where is thechangen thescreerpixel
intensitycausedy the changeof alphavalue in
the previous time framewhenprojector is actve, and
is a small proportionalconstantand is a small positive
constanto preventanull denominatar

Therationalefor (6) is thatif thechangen resultsin
acorresponding-sizechangeén , thesubsequenthange

in will berelatively minor (baseconasmall ). How-
everif achangen doesnotresultinachangaen |, this
impliesthatthe sourcepixel is occluded.Thedenominator
of (6) approachegeroand is stronglyreducedn the
next time frame. Henceoccludedsourcepixels areforced
to black.

Note that the systemmustbe able to discorer whena
pixel which wasturnedoff dueto the presenceof an oc-
cluderis available again,dueto the occluders disappear
ance. This requiremenis smoothlyincorporatednto our
algorithm.

The completeiterative feedbackrule is obtained by
combining(5) and(6) to get

SE LS (7)

Thealphavaluesareupdatedwithin limits suchthat

if
if (8)
otherwise

3.4 SystemDetails

Duringtheinitialization phaseof its operationwhenthe
sceneis occluderfree) the systemprojectseachpresenta-
tion slideandcapturesareferencémageperslidewith the
camera.During normaloperationthe systemcameracon-
tinuously acquiresimagesof the projecteddisplay which
may contain uncorrectedshadevs. The comparisonbe-
tweenthe obsernedimagesandthe referencamagefacili-
tatesthecomputatiorof thealphamaskdor individual pro-
jectorsthrough(7). Thesearememedwith thepresentation
slidein the screenframeof referencefollowed by further
warpinginto the projectorframe of reference.Thesepro-
jectedimagesfrom all projectorsoptically blendto form
theactualscreerdisplay

Note that the costof shadav eliminationis the use of
redundanprojectors.This meanghatat any pointin time
therearepixels on oneor moreprojectorsthatarenot be-
ing utilized becausehey fall outsidethedisplaysurfaceor
areoccluded. We feel this is a small price to pay, partic-
ularly in comparisorto the large costs,in either expense
andrequiredspacefor otherdisplaytechnologiesuchas
rearprojectionor plasma.Fortunately portableprojectors
arebecomingncreasinglyaffordableastheirimagequality
improvesandtheirweightdecreases.

Someimagesof the systemin actionareshown in Fig-
ure 4. The imagesdemonstratehe differencebetween
shadev elimination alone and in combinationwith oc-
cluderlight suppression.

A bene t of usingavisualfeedbaclsystem(asopposed
to anopen-loopapproactbasedon anaccuratgphotomet-
ric model) is that the systemis surprisingly robust. For
instancejf oneof the projectorsin the multi-projectorar-
ray wereto fail, the remainingprojectorswould automat-
ically brightentheir imagesto compensate Furthermore,
theoverallbrightnes®of theentiremulti-projectorarraycan
be changedsimply by adjustingthe cameraaperture.
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Figure 4. Comparison between diff erent projection systems.
audience memeber's viewpoint: (a) Single projector;

(b)

(d)

These images were taken from an
(b) Two aligned projector s, passive; (c) Two

aligned projector s with shado w elimination only; (d) Two aligned projector s with shado w elimination

and occluder light suppression.

Note that the harsh shadow in (a) is replaced by softer double

shadows in (b). Shadows are completel y removed in (c) and (d). However, the user's face is brightl y
illuminated with projected light in (c). This blinding light is completel y suppressed in (d).

4 RelatedWork

Researclin the areaof camera-assistetulti-projector
displaysis becomingmorepopular particularlyin thecon-
text of seamlesgideowalls[1, 10, 2, 3, 4, 6]. Two previous
paperdg9, 11] presentedsolutionsto the shadev elimina-
tion problemfor forward-projectionsystems.In morere-
centunpublishedwvork [12], we presenta preliminaryver-
sion of the occluderlight suppressiosystemdescribedn
Section3. This problemis technicallymuch more chal-
lengingbecauset requiresthe ability to determinewhich
raysof projectedight arebeingoccluded.We believe our
resultsin occluderight suppressiomareunique.

A simple camerafeedbacksystem,relatedto the one
presentedhere,wasusedby [4] to adjustprojectorillumi-
nationfor uniformblendingin theoverlapregionof avideo
wall. In [13] a projectormirror systemis usedto steerthe
outputof asingleprojectorto arbitrarylocationsin anenvi-
ronment.TheShadetampssysten{14] usesnultiple pro-
jectorsandaknown 3-D modelto synthesizénterestingvi-
sualeffectson 3-D objects. The geometricself-calibration

techniquesisedin this papemwereadoptedrom [7], where
they wereappliedto thetaskof automatidkeystonecorrec-
tion for single projectorsystems.In the Tele-grafti sys-
tem [15], a camerais usedto track the motion of a at
display surfaceand automaticallymaintainthe alignment
of a projectedimagewith the moving display This sys-
tem sharesour goal of real-timegeometriccompensation,
but lacksinteractive control of the displaywindow andthe
ability to compensatéor occlusions.

In their work on the “Magic Board”, Coutazet al. [16]
describea systemin which a usercan control the size of
a projecteddisplay window by manipulatingpoker chips
which aretracked by a camera.ln this work, however, the
projectorandscreenare carefully alignedin advance,and
the detectedooker chips specifywindow coordinatesn a
pre-calibratednd x edreferencdrame.Ourwork extends
this paradigmto include autocalibratiorandthe ability to
adaptto changesn the positionsof the cameraandprojec-
tor.



5 Conclusionsand Future Work

Visual feedbackis a key componenin developingro-
bust, interactive projectedlight displays. Camera-based
sensingf theernvironmentmalesit possibleo compensate
in real-timefor bothgeometriandphotometriceffects. Vi-
sualtracking of both ducial markersand the cornersof
the projectoroutputsupportgeal-timeautocalibratiorand
makesthe systemrobustto changesn the positionof the
projector camera,andscreen. It alsopermitsthe userto
specifythe desiredscreenocation by positioning ducial
markson the display surface. In addition, a photometric
feedbackrule makesit possibleto eliminateshadaevs and
the illumination of occludingobjectsin a multi-projector
con guration.

In the future, we plan to extendthe systemin several
ways. In additionto increasingthe frame rate at which
the systemoperateswe will incorporatemultiple cameras
into the visual feedbackloop. This will enablethe sys-
temto work reliably evenwhena cameras occluded.We
are also developing userinterfacetechniquedor control-
ling andadjustingvirtual displaysusinghandgesturesin
particular we are exploring shadev detectionasa means
to supporttouch-basedhteractionwith the projectedight
display
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