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Abstract

A systemof coordinatedprojectorsand camerasenables
thecreationof projectedlight displaysthatarerobustto en-
vironmentaldisturbances.Thispaperdescribesapproaches
for tackling both geometricand photometricaspectsof
the problem: (1) the projectedimageremainsstableeven
whenthesystemcomponents(projector, cameraor screen)
aremoved;(2) thedisplayautomaticallyremovesshadows
causedbyusersmovingbetweenaprojectorandthescreen,
while simultaneouslysuppressingprojectedlight on the
user. The former can be accomplishedwithout knowing
thepositionsof thesystemcomponents.The lattercanbe
achieved without direct observation of the occluder. We
demonstratethat the systemrespondsquickly to environ-
mentaldisturbancesandachieveslow steady-stateerrors.

1 Intr oduction

Theincreasingaffordabilityandportabilityof highqual-
ity projectorshasgeneratedasurgeof interestin projector-
camerasystems.Recentexamplesincludetheconstruction
of seamlessmulti-projectorvideo walls [1, 2, 3, 4], real-
time rangescanning[5] and immersive 3-D virtual envi-
ronmentgeneration[6]. In mostof theseprevioussystems,
camerasareusedto coordinatetheaggregationof multiple
projectorsinto a single, large projecteddisplay. In con-
structinga video wall, for example,the geometricalign-
ment and photometricblending of overlappingprojector
outputscanbeaccomplishedby usingacamerato measure
thekeystonedistortionsin projectedtestpatternsandthen
appropriatelypre-warping the projectedimages. The re-
sult is a highly scalabledisplaysystem,in contrastto �x ed
formatdisplayssuchasplasmascreens.

In additionto theirutility in creatingwall-sizeddisplays,
projector-camerasystemscanalsobeusedto createubiqui-
tous,interactivedisplaysusingtheordinaryvisiblesurfaces
in a person'senvironment.Displayscouldbeconveniently
locatedon tabletops,nearbywalls, etc. Userscould repo-
sition or resizethemusingsimplehandgestures.Displays
couldevenbe “attached”to objectsin theenvironmentor
be madeto follow a useraroundas desired. This could
beparticularlycompellingasmeansto augmenttheoutput
capabilitiesof handhelddevicessuchasPDAs. In orderto
realizethis vision, two challengingsensingproblemsmust
be solved: (1) Determiningwhereandhow to createdis-
playsbasedon input from theuser. (2) Creatingstabledis-
plays in the presenceof environmentaldisturbancessuch

asocclusionsby theuserandchangesin ambientlight.

In this paperwe examinethevisualsensingchallenges
thatarisein creatinginteractiveocclusion-freedisplaysus-
ing projectedlight in real-world environments. The �rst
challengeis to allow theuserto interactively de�ne there-
gion containingthe display, and then automaticallycali-
bratethe camerasandprojectorsto that region. The sec-
ond challengeis to maintain the stability of the display
in the faceof environmentaldisturbancessuchas occlu-
sions. Speci�cally, thereare two problemsthat arise in
front-projectionsystemswhen a userpassesbetweenthe
projectorsandthedisplaysurface:(1) Shadowscaston the
displaysurfacedueto the occlusionof oneor more pro-
jectorsby the user, (2) Bright light projectedon the user,
which is oftena sourceof distractionanddiscomfort.We
presenta solutionto thesetwo challengesthatdoesnot re-
quire accurate3-D localizationof projectors,cameras,or
occluders,and avoids the needfor accuratephotometric
calibrationof the display surface. The key is a display-
centriccamerafeedbackloop that rejectsdisturbancesand
unmodeledeffects.

Our system uses multiple, conventional projectors
which are positionedso that their projectionsoverlapon
theselecteddisplaysurface. It producesshadow-freedis-
playseven in thepresenceof multiple, moving occluders.
Furthermore,projectorlight caston the occludersis sup-
pressedwithout affecting the quality of the display. The
resultis shown in Figure4.

Thetwo classesof problemsto beaddressedin oursys-
temare:(i) geometric,and(ii) photometric.Thegeometric
problemsrelate to computationof the spatialcorrespon-
dencesbetweenpixels in the projectorsandthe projected
displayon thescreen.Theprojectorsshouldbeaccurately
andautomaticallycalibratedto the screen,to the camera
andto eachother. Thecalibrationshouldenabletheimages
in eachprojectorto bepre-warpedsoasto createa desired
projecteddisplaythat is alignedwith thescreen.It should
bepossibleto controlthedisplayareaonthescreenin real-
time. Thephotometricissuesaretheaccurateandfastcom-
putationof thedesiredpixel intensitiesin eachprojectorso
as to eliminateshadows and suppressoccluderillumina-
tion. This involvesocclusiondetectionbasedon camera
inputandcorrectlyadaptingtheprojectoroutputto achieve
thenecessarygoals.Thesetwo classesof problemsaread-
dressedin sections2 and3 respectively.
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2 Autocalibration of Cameras and Projec-
tors

In a multi-projectorsystem,severalprojectorsareposi-
tionedsothattheiroutputsconvergeontoa displaysurface

�

(seeFigure2). Thegoalis to combinethelight from the
projectorsto createa single,sharpimageon

�

. Clearly,
one cannotsimply project the sameraw image simulta-
neouslythroughthe differentprojectors;not only doesa
given point on

�

correspondto very differentpixel loca-
tions in eachprojector, but the imageproducedon

�

from
any singleprojectorwill be distorted(sincetheprojectors
areoff-centerto

�

).
We assumethat: the positions,orientationsand opti-

cal parametersof thecameraandprojectorsareunknown;
cameraandprojectoropticscanbemodeledby perspective
transforms;theprojectionscreenis �at. Therefore,thevar-
ioustransformsbetweencamera,screenandprojectorscan
all bemodeledas2-D planarhomographies:
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, are the parametersspecifyingthe homogra-
phy. Theseparameterscanbeobtainedfrom asfew asfour
pointcorrespondences,usingthecamera-projectorcalibra-
tion techniquedescribedin [7].

The homographyfor eachcamera-projectorpair ,.-0/ 132

canbedeterminedby projectinga rectanglefrom thegiven
projectorinto theenvironment.Thecoordinatesof therect-
angle's cornersin projectorcoordinates(

�54

�

�

4

! areknown
a priori , andthe coordinatesof the cornersin the camera
frame(

�
4

�#�

4

! arelocatedusingstandardimageprocessing
techniques.1

2.1 Real­Time Calibration

A key issuefor the robustnessof the projector-camera
system is the ability to recalibrate the homographies
quickly if eitherthecameraor theprojectoraremoved. In
addition,a basicquestionis how to specifythelocationof
thedisplay. Wenow describeareal-timecalibrationsystem
which addressesbothof theseconcerns.The systemuses
a setof four �ducial markson a displaysurfacesuchasa
wall or tableto de�ne the four cornersof thedesiredpro-
jectedarea.Sincewalls tendto be light colored,we have
foundthatany smalldarktarget,suchasa poker chip, can
serveasa �ducial. By positioningthetargetsappropriately
onthedisplaysurface,theusercanidentify thedesireddis-
play area.Throughvisual trackingof boththepositionsof
thefourmarkersandthecornersof thequadrilateralformed
by theprojectoroutput,theappropriatetransformationcan
becomputed.

1Hough-transformline-�tting [8] locatestheedgesof thequadrilateral,
andits cornercoordinatesaregivenby intersectingtheselines.

Thegeometricrelationshipbetweenthedetectedcorners
of theprojectorquadrilateralandthelocationof themark-
ersdeterminesa homographythatalignstheprojectorout-
put with the markers. The imagecoordinatesof the four
markersfully specifythehomographybetweencameraand
screen,6-0/ 7 . Thehomographybetweeneachprojectorand
thescreen,8132+/ 7 canberecoveredusingtheequation:

, 1 2 / 7




,:9

�

-0/ 1;2

, -0/ 7

�

(2)

wherethehomographiesontheright handsideof theequa-
tion areall known.

In someapplicationsthe positionsof the projectoror
camera,aswell asthepositionsof themarkers,maychange
over time. We can view eachof thesechangesas dis-
turbancesthat perturbthe calibratedrelationshipbetween
thecameras,projectors,anddisplay. In this instance,dis-
turbancerejectioncanbeeasilyaccomplishedby tracking
thequadrilateralcornersandmarkerpositionsin real-time,
andupdatingthe warpingparametersappropriately. Note
that thedynamicsin this caseareextremelyfast,sincethe
only limit onthespeedatwhichtheprojectoroutputcanbe
changedis theoverall systembandwidth.

2.2 Experimental Results

We performedthreeexperimentsto evaluatetheability
of thevisualfeedbackloop to compensatefor disturbances
to theprojectorandcamerapositionsandthepositionsof
the�ducial markers.Oursystemcanperformtrackingand
disturbancerejectionat10Hz.

The �rst experimenttestedthe ability of the systemto
compensatefor changesin the locationof themarkers,re-
sulting in a rescalingof theprojecteddisplay. Figure1(a)
and(b) shows the resultfor two differentmarker con�gu-
rations.Notetheautomaticrescalingof thedisplayregion,
sothatits cornersremainalignedwith themarkers.In each
image,theboundaryof theprojectedareacanbeseenasa
largepalequadrilateralwhich containsthedisplayregion.
In this testtheprojectorsandcameraremainedstationary,
andso the locationof theprojectorquadilateralin the im-
agedoesnot change(i.e. ,<-0/ 1;2 did not change). These
imageswerecapturedwith a secondcameralocatedin the
audience,whichwasnotusedin autocalibration.

In thesecondexperiment,wekeptthecameraandmark-
ers�x edandchangedthe locationof theprojector. Small
disturbancesin the projectororientationcan inducelarge
changesin the display. The result is illustrated in Fig-
ure1(c) and(d) for two positionsof theprojector. As de-
sired, the con�guration of the display region on the wall
asde�ned by the�x edmarkersis unaffectedby movement
of the projector. Note alsothat thereis no changein the
markerpositionsbetweenframes,asexpected(i.e. ,

-0/ 7 did
not change).

The third experimenttestedthe responseof thesystem
whenthepositionof thecamerawaschangedandthepro-
jectorandmarkersremained�x ed. In this situation,there
is nochangein thehomographybetweentheprojectorand
thedisplay(i.e. ,81;2=/ 7 doesnot change).However, the im-
agelocationsof boththemarkerpositions(in ,>-0/ 7 ) andthe
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(a) (b)

(c) (d)

(e) (f)

Figure 1. (a) and (b): The effect of a chang e in the marker con�guration on the system is sho wn at
two diff erent time instants. The four marker s de�ne an interface by whic h the user can contr ol the
size and location of the displa y. (c) and (d): The effect of a chang e in the projector position is sho wn
at two diff erent time instants. The projector quadrilateral chang es while the displa y de�ned by the
marker s does not. (e) and (f): The effect of a chang e in the camera position is sho wn at two diff erent
time instants. The entire image is distor ted, but the displa y contin ues to �ll the region de�ned by the
marker s.
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quadrilateralcorners(in , -0/ 1 2 ) will changeasthe camera
moves. Figure 1(d) and (e) illustratesthe result for two
cameracon�gurations. Once again the display is unaf-
fected,as desired. Theseimageswherecapturedby the
camerawhich is usedin autocalibration.

3 Shadow Elimination and Occluder Light
Suppression

In thissectionwedescribeasystemwhichhandlesreal-
timephotometriccompensationusingvisualfeedback.The
systemcomprisesa numberof projectorswhich areaimed
at a screensuchthat their projectionregionsoverlapanda
camerawhich is positionedsuchthat canview the entire
screen.During normalfunctioning,the systemdisplaysa
highquality, dekeystonedimageonthescreen.Whenusers
walk betweenthe projectorsand the screen,shadows are
caston thescreen.Theseshadowscanbeclassi�edasum-
bral when all projectorsare simultaneouslyoccluded,or
penumbral whenatleastoneprojectorremainsunoccluded.
The systemeliminatesall penumbralshadows caston the
screen,2 aswell assuppressingprojectorlight falling onthe
occluders.This enablesthesystemto continuepresenting
ahighquality imagewithoutprojectingdistractinglight on
users.SeeFigure2 for thesetup.
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Projector (P1)

Projector (P2)

Camera (C)

Occluder

Shadow 2 Shadow 1

Display surface (S)

Figure 2. An overhead view of the multi­
projector displa y system. Several projector s
(

�

� ,
�

� ) are placed suc h that their projec­
tion areas converge onto the displa y surface
(

�

). A camera ( � ) is positioned so that
�

is
clearl y visib le in its �eld of view. The pro­
jector s combine their pre­warped outputs to
create a single high­quality image on

�

based
on computed homographies. The system is
able to dynamicall y compensate for penum­
bral shado ws and suppress projected light
on occ luder s.

2By de�nition, pixels in an umbral shadow are blocked from every
projectorandcannotberemoved. Umbralshadows canbeminimizedby
increasingthe numberof projectorsand by mountingthe projectorsat
highly-obliqueangles.

3.1 Photometric Framework

After theprojectorshavebeengeometricallyaligned,we
caneasilydeterminewhich sourcepixels from theprojec-
torscontributeto theintensityof anarbitraryscreenpixel.
In thefollowing analysis,we assumethatthecontributions
are at somelevel additive. Given � projectors,the ob-
served intensity �
	 of a particularscreenpixel at time �

maybeexpressedby

�
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(3)

where ��� 	 is thecorrespondingsourcepixel intensitysetin
projector� at time � ,

�

�   �

! is theprojectorto screeninten-
sity transferfunction,




is the ambientlight contribution
which is assumedto be time invariant, �   �

! is the screen
to cameraintensitytransferfunctionand

�

�
	 is thevisibil-

ity ratio of the sourcepixel in projector � at time � . See
Figure3.

Zt

Projector 1 Projector 2

Projector 3

I1t
I2t

I3t

k2t=1

k3t=0

0<k1t<1

Partial occluder

full occluder

Figure 3. Photometric frame work. This di­
agram illustrates equation (3), in whic h the
obser ved displa y intensity �!	 is related to
the combination of projector sour ce pix els

�
�

	 and the corresponding visibility ratios

�

�
	 . The visibility ratios vary accor dingl y with

non­occ lusion, par tial and full occ lusion.

Whenoccludersobstructthepathsof thelight raysfrom
someof the projectorsto the screen, �

	 diminishesand
shadowsoccur. Thissituationis quantitativelymodeledvia
thevisibility ratios,which representtheproportionof light
raysfrom correspondingsourcepixelsin theprojectorsthat
remainunobstructed.

Mathematically, the desired intensity of a particular
screenpixel mayberepresentedby �#" (obtainedin anini-
tialization phase). As an occluderis introducedin front
of projector

�

to createpenumbralshadows, the visibility
ratio

�

�
	 decreases,suchthat

�

�
	%$

�

. Hence �
	&$'�
" .

Thesedeviationsin thescreencanbedetectedvia a pixel-
wiseimagedifferencebetweencurrentandreferencecam-
eraimagesto locateshadow artifacts.
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3.2 Iterati vePhotometric Compensation

Oursystemhandlesoccludersby

1. compensatingfor shadows on thescreenby boosting
theintensitiesof unoccludedsourcepixels;and

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

As in [9], thechangein theintensityof eachsourcepixel
in eachprojectoris controlledby thealphavalueassociated
with thepixel:

� � 	




�

� 	 � "

�

(4)

where � " is theoriginal valueof thesourcepixel (i.e. pixel
valuein the presentationslide) andis the sameacrossall
projectors,while �

� 	

�

�

$

�

� 	 $

�

is the time-varying,
projector-dependentalphavalue. Thealphavaluesfor the
sourcepixelsin oneprojectoris collectively termedtheal-
phamaskfor theprojector.

Shadows shouldbe eliminatedby adjustingthe alpha
masks for all projectorssuch that * � 	�� �

"
* is mini-

mized.Additionally, alphavaluesfor occludedsourcepix-
elsshouldbesetto zeroin orderto supressprojectorlight
falling on the occluder. This canbe doneiteratively with
theaidof thevisualfeedbackfrom thecamera.

3.3 Componentsof the Visual FeedbackRule

Eliminatingshadowsinvolvesincreasingvaluesfor cor-
respondingsourcepixels. The shadow elimination (SE)
componentof thesystemis basedon
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where �
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�

�
	 is changeof �

�
	 in thenext

time-frame,and � is a proportionalconstant.This compo-
nentis asimpleproportionalcontrollaw.

Suppressingtheprojectorlight falling on theoccluders
involvesdiminishingthesourcepixelscorrespondingto the
occludedlight rays. We determinewhethera sourcepixel
is occludedby determiningif changesin the sourcepixel
have resultedin changesin the screenpixel. However,
sincethereare � possiblechangesof sourcepixel inten-
sities from � projectorsbut only one observable screen
intensity, we needto probeby varying the sourcepixels
in differentprojectorsseparately. This cyclical probingre-
sultsin a serialvariationof theprojectorintensities.

The light suppression(LS) componentof the feedback
rule is basedon
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where���
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� is thechangein thescreenpixel
intensitycausedby thechangeof alphavalue �
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�
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 in
theprevious time framewhenprojector � is active, and �

is a small proportionalconstantand � is a small positive
constantto preventa null denominator.

Therationalefor (6) is thatif thechangein �

�
	 resultsin

acorresponding-sizedchangein � 	 , thesubsequentchange

in �

� 	 will berelatively minor (basedon a small � ). How-
everif achangein �

� 	 doesnotresultin achangein � 	 , this
impliesthatthesourcepixel is occluded.Thedenominator
of (6) approacheszeroand �

� 	 is stronglyreducedin the
next time frame. Henceoccludedsourcepixelsareforced
to black.

Note that the systemmustbe able to discover whena
pixel which was turnedoff dueto the presenceof an oc-
cluder is availableagain,dueto the occluder's disappear-
ance. This requirementis smoothlyincorporatedinto our
algorithm.

The complete iterative feedbackrule is obtainedby
combining(5) and(6) to get

�

�
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Thealphavaluesareupdatedwithin limits suchthat
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3.4 SystemDetails

Duringtheinitializationphaseof its operation(whenthe
sceneis occluder-free) the systemprojectseachpresenta-
tion slideandcapturesa referenceimageperslidewith the
camera.During normaloperation,thesystemcameracon-
tinuouslyacquiresimagesof the projecteddisplaywhich
may containuncorrectedshadows. The comparisonbe-
tweentheobservedimagesandthereferenceimagefacili-
tatesthecomputationof thealphamasksfor individualpro-
jectorsthrough(7). Thesearemergedwith thepresentation
slide in thescreenframeof reference,followedby further
warpinginto theprojectorframeof reference.Thesepro-
jectedimagesfrom all projectorsoptically blend to form
theactualscreendisplay.

Note that the costof shadow elimination is the useof
redundantprojectors.This meansthatat any point in time
therearepixelson oneor moreprojectorsthatarenot be-
ing utilizedbecausethey fall outsidethedisplaysurfaceor
areoccluded.We feel this is a small price to pay, partic-
ularly in comparisonto the large costs,in eitherexpense
andrequiredspace,for otherdisplaytechnologiessuchas
rearprojectionor plasma.Fortunately, portableprojectors
arebecomingincreasinglyaffordableastheir imagequality
improvesandtheirweightdecreases.

Someimagesof thesystemin actionareshown in Fig-
ure 4. The imagesdemonstratethe differencebetween
shadow elimination alone and in combinationwith oc-
cluderlight suppression.

A bene�t of usingavisualfeedbacksystem(asopposed
to anopen-loopapproachbasedon anaccuratephotomet-
ric model) is that the systemis surprisinglyrobust. For
instance,if oneof theprojectorsin themulti-projectorar-
ray wereto fail, the remainingprojectorswould automat-
ically brightentheir imagesto compensate.Furthermore,
theoverallbrightnessof theentiremulti-projectorarraycan
bechangedsimplyby adjustingthecameraaperture.
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(a) (b)

(c) (d)

Figure 4. Comparison between diff erent projection systems. These images were taken from an
audience memeber' s viewpoint: (a) Single projector; (b) Two aligned projector s, passive; (c) Two
aligned projector s with shado w elimination onl y; (d) Two aligned projector s with shado w elimination
and occ luder light suppression. Note that the harsh shado w in (a) is replaced by softer doub le
shado ws in (b). Shado ws are completel y remo ved 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

Researchin theareaof camera-assistedmulti-projector
displaysis becomingmorepopular, particularlyin thecon-
text of seamlessvideowalls[1, 10, 2,3, 4,6]. Two previous
papers[9, 11] presentedsolutionsto the shadow elimina-
tion problemfor forward-projectionsystems.In morere-
centunpublishedwork [12], we presenta preliminaryver-
sionof theoccluderlight suppressionsystemdescribedin
Section3. This problemis technicallymuch more chal-
lengingbecauseit requiresthe ability to determinewhich
raysof projectedlight arebeingoccluded.We believe our
resultsin occluderlight suppressionareunique.

A simple camerafeedbacksystem,relatedto the one
presentedhere,wasusedby [4] to adjustprojectorillumi-
nationfor uniformblendingin theoverlapregionof avideo
wall. In [13] a projector-mirror systemis usedto steerthe
outputof asingleprojectorto arbitrarylocationsin anenvi-
ronment.TheShaderLampssystem[14] usesmultiplepro-
jectorsandaknown 3-D modelto synthesizeinterestingvi-
sualeffectson 3-D objects.Thegeometricself-calibration

techniquesusedin thispaperwereadoptedfrom [7], where
they wereappliedto thetaskof automatickeystonecorrec-
tion for singleprojectorsystems.In the Tele-graf�ti sys-
tem [15], a camerais usedto track the motion of a �at
displaysurfaceandautomaticallymaintainthe alignment
of a projectedimagewith the moving display. This sys-
temsharesour goal of real-timegeometriccompensation,
but lacksinteractivecontrolof thedisplaywindow andthe
ability to compensatefor occlusions.

In their work on the “Magic Board”, Coutazet al. [16]
describea systemin which a usercancontrol the sizeof
a projecteddisplaywindow by manipulatingpoker chips
which aretrackedby a camera.In this work, however, the
projectorandscreenarecarefullyalignedin advance,and
the detectedpoker chipsspecifywindow coordinatesin a
pre-calibratedand�x edreferenceframe.Ourwork extends
this paradigmto includeautocalibrationandthe ability to
adaptto changesin thepositionsof thecameraandprojec-
tor.

6



5 Conclusionsand Future Work

Visual feedbackis a key componentin developingro-
bust, interactive projectedlight displays. Camera-based
sensingof theenvironmentmakesit possibleto compensate
in real-timefor bothgeometricandphotometriceffects.Vi-
sual tracking of both �ducial markersand the cornersof
theprojectoroutputsupportsreal-timeautocalibrationand
makesthesystemrobust to changesin the positionof the
projector, camera,andscreen. It alsopermitsthe userto
specifythedesiredscreenlocationby positioning�ducial
markson the displaysurface. In addition,a photometric
feedbackrule makesit possibleto eliminateshadows and
the illumination of occludingobjectsin a multi-projector
con�guration.

In the future, we plan to extend the systemin several
ways. In addition to increasingthe frame rate at which
thesystemoperates,we will incorporatemultiple cameras
into the visual feedbackloop. This will enablethe sys-
temto work reliably evenwhena camerais occluded.We
arealso developinguser-interfacetechniquesfor control-
ling andadjustingvirtual displaysusinghandgestures.In
particular, we areexploring shadow detectionasa means
to supporttouch-basedinteractionwith theprojectedlight
display.
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