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Abstract

A major problemwith interactive displaysbasedon front-projectionis that userscastundesirableshadows on the dis-
play surface.This situationis only partially-addressedby mountinga singleprojectorat anextremeangleandpre-warping
the projectedimageto undokeystoningdistortions. This paperdemonstratesthat shadows canbe mutedby redundantly-
illuminating thedisplaysurfaceusingmultiple projectors,all mountedat differentlocations.However, this techniquedoes
noteliminateshadows: multipleprojectorscreatemultipledarkregionson thesurface(penumbralocclusions).Wesolve the
problemby usingcamerasto automaticallyidentify occlusionsasthey occuranddynamicallyadjusteachprojector's output
sothatadditionallight is projectedontoeachpartially-occludedpatch.Thesystemis self-calibrating:relevanthomographies
relatingprojectors,camerasandthedisplaysurfacearerecoveredby observingthedistortionsinducedin projectedcalibra-
tion patterns.Theresultingredundantly-projecteddisplayretainsthehigh imagequality of a single-projectorsystemwhile
dynamicallycorrectingfor all penumbralocclusions.Our initial two-projectorimplementationoperatesat3 Hz.
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1. Intr oduction
Camera-projectorsystemshave recentlybeenemployedfor a varietyof applicationsincludingtheconstructionof seamless
multi-projectorvideo walls [3, 5, 8], real-timerangescanning[2] andimmersive 3-D virtual environmentgeneration[6].
Thesesystemstypically exploit camera-projectorsynergy in two ways: (1) by castinglight into theenvironmentto observe
theresultingchangein sceneappearance;(2) by modifying theprojectedimagesin responseto camerainput. For instance,a
videowall cancalibrateoff-centerprojectorsby projectinga known test-patternfrom eachprojector, observingthekeystone
distortionsin thepattern(usingthecamera),andcorrectingthedistortionby appropriatelypre-warpingtheimagesentto each
projector— sothateachprojectedimageappearsundistortedon thedisplaysurface.In astandardvideowall, theprojectors
aremountedso that the projectionareasof adjacentprojectorsoverlapslightly. Unsightly seamsin the overlapzoneare
eliminatedby preciseprojectorregistrationandappropriateblendingof thecontributionsfrom adjacentprojectors.

This paperintroducesa new applicationfor camera-projectorsystemswheremultiple projectorsareusednot to increase
the displaysize,but to generateredundantillumination over the displaysurface. A multi-projectordisplaywith shadow
eliminationcould provide a goodalternative to expensive rear-projectionsystems.As shown in Figure1, the projectors
areplacedat extremeanglesbut orientedso that their projectionareasoverlapsigni�cantly. By appropriatelypre-warping
the imagessentto eachprojector, the systemgeneratesa sharp,keystone-correctedimagein the overlapzone. Redundant
illumination makesthedisplayresistantto occlusions:thecontentin a partially-occludedregion is readableaslong asone
projectormaintainsan unblocked light path. Unfortunately, the occlusionstill causesa shadow in that region (visible asa
darkerpatch).Thispaperdescribesasystemthatautomaticallydetectsanddynamicallyeliminatestheseshadowssothatthe
displaysurfaceappearsshadow-freeevenin thepresenceof multiple,moving occluders(seeFigure3).

2. SystemOverview
Thetechnicalchallengesinvolvedin building ashadow eliminationsystemfor multi-projectordisplaysfall into thefollowing
threecategories.First, thesystemmustaccuratelyalign theprojectedimageson thedisplaysurface;poor imagealignment
createsdouble-imagesandkeystoning.Second,eachoccludercancreatemultiple shadows on thedisplaysurface.Shadows
whereall of the light sourcesareoccludedaretermedumbral, andthosewhereat leastonelight sourceis unoccludedare
termedpenumbral. By de�nition, thesystemcannotcontrollighting within anumbrasowestrive to avoid umbralocclusions
by positioningprojectorsso that thedisplayis illuminatedfrom severaldifferentdirections.All penumbralocclusionscan
be correctedby projectingadditionallight into the region. Obviously, this light mustcomefrom oneof the non-occluded
projectors,andthesystemmustdeterminehow to correcteachpenumbralocclusion.Third, thesystemmustpreciselyadjust
projectoroutputto compensatefor eachocclusion.If too little light is added,theshadows will remainvisible; if too much
light is used,over-illumination artifactswill becreated.Theshadow boundariesmustbetreatedcarefullysincehumansare
verysensitive to edgeartifacts.As theoccludersmove,thesystemshouldrespondswiftly to changesin theshadowedregion.
Thefollowing subsectionsdescribethesystemandpresentoursolutionsto theseissues.

2.1. Automatic Multi-Pr ojector Alignment
As shown in Figure1, severalprojectorsareplacedsothattheirprojectionareasall convergeontoasingledisplaysurfaceS.
Thegoalis to combinethelight from theprojectorsto createa single,sharpimageon S. Clearly, onecannotsimply project
the sameraw imagesimultaneouslythroughthe differentprojectors;not only doesa given point on S correspondto very
differentpixel locationsin eachprojector, but theimageproducedonS from any singleprojectorwill bedistorted(sincethe
projectorsareoff-centerto S).

Weassumethat: thepositions,orientationsandopticalparametersof thecameraandprojectorsareunknown; cameraand
projectoropticscanbe modeledby perspective transforms;the projectionscreenis �at. Therefore,the varioustransforms
betweencamera,screenandprojectorscanall bemodeledas2-D planarhomographies:
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where(x; y) and(X ; Y ) arecorrespondingpointsin two framesof reference,and~p = (p1 : : : p9)T (constrainedby j~pj = 1)
arethe parametersspecifyingthe homography. Theseparameterscanbe determinedfrom asfew asfour point correspon-
dences,usingthetechniquedescribedin [7].
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Figure1: An overhead view of the multi-projector display system. Several projectors (P1 , P2) are placed such that their
projection areas converge onto the display surface (S). A camera (C) is positioned so that S is clearly visible in its �eld of view.
Once the homographies relating Pi , C, S are automatically determined, the projectors combine their pre-warped outputs to
create a single high-quality image on S. Each occluder in the environment may cast up to one shadow per projector on the
display surface. The shadow elimination system locates these penumbral occlusions in the camera image and dynamically
adjusts the projected images to make the shadows disappear.

Thehomography for eachcamera-projectorpairTc;P i canbedeterminedby projectingarectanglefrom thegivenprojector
into theenvironment.Thecoordinatesof therectangle's cornersin projectorcoordinates(x i ; yi ) areknown a priori , andthe
coordinatesof thecornersin thecameraframe(X i ; Yi ) arelocatedusingstandardimageprocessingtechniques.1

Thedisplayareais eitherautomaticallydeterminedusingthecamera,or interactively speci�ed by theuser. The former
caserequiresthe display surfaceto be a white, rectangularprojectionscreenagainst a contrastingbackground. Sucha
screenshowsupclearlyin thecameraimageasabrightquadrilateral,andcanbeunambiguouslyidenti�ed by theautomatic
calibrationprocess.Thecornersof this quadrilateralfully specifythehomography betweencameraandscreenTc;s , andthe
homography betweeneachprojectorandthescreenTP i ;s canberecoveredusingtheequation:

TP i ;s = T � 1
c;P i

Tc;s ;

wherethehomographieson theright handsideof theequationareall known.
Alternatively, theusercaninteractively specifythedisplayareaby manipulatingtheoutlineof a projectedquadrilateral

until it appearsasa rectangleof thedesiredsizeon thedisplaysurface.This directly speci�esthehomography betweenthe
selectedprojectorandthe screenTP i ;s ; the outline of the selectedrectanglecanthenbe detectedin the cameraimageas
discussedabove to determinethecamerato screenhomography Tc;s .

The projector-screenhomographiesTP i ;s model the geometricdistortion (keystonewarping) that is inducedwhen an
imageis projectedfrom an off-centerprojectorPi . This distortion can be correctedby projectinga pre-warpedimage,
generatedby applyingthe inversetransformT � 1

P i ;s to the original image.2 SinceT � 1
P i ;s TP i ;s = I , onecanseethat the pre-

warpingalsoalignstheimagesfrom differentprojectorssothatall arepreciselyprojectedontoS. Applying thehomographies
derived from cameraimages,a multi-projectorarraycanthusbe ef�ciently con�gured to eliminatekeystoningdistortions
anddoubleimageson thedisplaysurface.

2.2. Occlusiondetection
Ratherthanlocatingoccludersby trackingobjectsin theenvironment,thesystemfocusesexclusively on detectingartifacts
on thedisplaysurface.Thesecanoccurfor eitherof two reasons.First, uncorrectedpenumbralocclusionsappearasdarker
regionsin acameraimagethatcanbecorrectedby projectingadditionallight into theregion. Second,artifactsmaybecaused
byover-illuminationof thedisplayarea,andoccurmostoftenwhenanoccludingobject(whoseshadowshadbeeneliminated)
movesawaysuddenly. Thesebrightspotsarecorrectedby reducingthelight intensityin theregion. Ouralgorithmmakesno
assumptionsaremadeaboutthelocations,sizesor shapesof occluders.

1Hough-transformline-�tting [1] locatestheedgesof thequadrilateral,andits cornercoordinatesaregivenby intersectingtheselines.
2In ourcurrentsystem,thispre-warpis ef�ciently implementedusingthetexture-mappingoperationsavailablein standard3-D graphicshardware.
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Figure 2: This diagram summarizes the occlusion detection and shadow elimination algorithms. The images in the left
column were taken by the system camera during operation. The two penumbral occlusions caused by the person blocking
both projectors are identi�ed and corrected to create a shadow-free display (bottom left). See text for details.

Figure2 illustratesthe algorithm. During its initialization phase(whenthe sceneis occluder-free) the systemprojects
eachpresentationslideandcapturesseveralcameraimagesof theprojecteddisplay. Theseimagesarepixel-wiseaveraged
to createa referenceimagefor thatslide,andthis imagerepresentsthedesiredstateof thedisplay(Figure2, top left). The
goalof occlusiondetectionis to identify regionsin thecurrentimagethatdeviatefrom this idealstate.Duringoperation,the
systemcameraacquiresa currentimageof theprojecteddisplaywhich maycontainuncorrectedshadows. For example,the
imageshown in Figure2 (centerleft) hastwo darkregions,correspondingto thetwo penumbraecastby onepersonstanding
in front of thedisplay(eachprojectorcreatesoneshadow).

Sincethedisplaysurfaceremainsstatic,a pixel-wiseimagedifferencebetweencurrentandreferencecameraimagescan
be usedto locateshadow andover-compensationartifacts. To reducethe effectsof cameranoise,we apply a 5� 5 spatial
median�lter to thedifferenceimage.A negativevaluein adifferenceimagepixel meansthatthecorrespondingpatchon the
screenwasunder-illuminatedin thecurrentimage. This informationis representedin termsof analphamask(� t ), which
whenappliedto thecurrentcameraimage,shouldbring it closerto thereferenceimage.Alphavaluesrangefrom 0 (dark)to
255(bright),andthemaskis initialized to 128at t=0. Theuseof thealphamaskis describedin thenext section.Thealpha
maskis updatedatevery time-stepusingthefollowing simplefeedbacksystem:

� t (x; y) = � t � 1(x; y) � 
 (I t (x; y) � I 0(x; y)) ;

whereI t is thecameraimageat time t, I 0 is thereferenceimage,and
 is a systemparameter(setto 0.25in our implemen-
tation).For astaticscene,thealphamaskconvergesto astable�x edpoint in averyshortperiodof time.

A noteworthy point aboutour systemis thatall of theprojectorsin themulti-projectorsystemusethesamealphamask
for shadow removal, asdescribedin thefollowing section.



4 3. RESULTS2.3. Shadow elimination
Thealphamask(describedabove) integratesthepreviousstateof theshadow correction,andinformationfrom thecurrent
differenceimage.However, sinceit wascomputedin thecameraframeof reference,it mustbetransformedinto thescreen
frameof referencebeforeit canbeapplied;this is doneusingthecamera-screenhomography Tc;s discussedin Section2.1.

Applying thealphamaskto thecurrentslideis straightforward: thewarpedalphamasksimply replacesthealphachannel
of theslideimage.Theslideis thenpre-warpedfor eachprojector(usingits particularscreen-to-projectorhomography) and
displayed.

It is surprisingthat projectingthe sameslide from all projectorscorrectly eliminatesall of the penumbralshadows!
This canbeexplainedby thefollowing argument.Considerthetwo-penumbrashadow con�gurationgeneratedby thetwo-
projector, one-occludersystemshown in Figures1 and 2 (the result holds for all penumbraegeneratedby any number
andcon�guration of projectorsandoccluders).FromP1's perspective, the left high-alpharegion falls preciselyon the left
penumbra(Shadow2) while theright high-alpharegionharmlesslyover-illuminatestheoccluder. FromP2's perspective, the
left high-alpharegion falls on the occluder(without effect) andthe right onecorrectsfor the right penumbra(Shadow1).
Thus,bothprojectorsareableto usethesameslideto eliminateshadows.

Sincewedonothaveagoodphotometricmodelof theenvironment,wecannotpredictpreciselyhow muchlight is needed
to remove a shadow. However, the iterative feedbackloop usedto updatethealphamaskallows us to avoid this problem:
the systemwill continueaddinglight to shadowed regionsuntil the region appearsas it did in the referenceimage. The
drawbackto suchaniterative techniqueis thatthealphamaskcanrequireseveraliterationsto converge;in practice,shadows
areeliminatedin approximately3 iterations.

3. Results
Theexperimentsdescribedin this sectionarebasedon thefollowing implementation.ImagesareacquiredusinganNTSC
camera(640� 480)attachedto aPCIdigitizer; theoutputsubsystemconsistsof two CompaqMP-2800XGA-resolution(1024
� 768)DLP microportableprojectorsdrivenby adual-headedgraphicscard;thesoftwarerunsonastandardworkstation,and
utilizestheMMX-enhancedroutinesfrom theIntel OpenSourceComputerVisionLibrary [4] for ef�cient imageprocessing.
The projectorsare positionedon either side of a whiteboardand the camerais mountedat an extremeangle to ensure
occlusion-freecoverageof thedisplaysurfaceThelocation,orientationandopticalparametersof thecameraandprojectors
areunknown.

Weevaluatedtheshadow eliminationsystemonthreecriteria: (1) imagequality; (2) responsiveness;(3) easeof use.These
experimentsarediscussedbelow.

3.1 Imagequality

Theprimarygoalof themulti-projectordisplaysystemis to projecthigh-qualityimagesthatremainshadow-freein thepres-
enceof occluders.In multi-projectordisplayblending,any inaccuraciesin thehomography estimationleadto misalignment
in projectedimagescreatingglaringartifactssuchasdouble-images.Figure3 shows views of thesameslideprojectedon
single-andmulti-projectordisplays;themulti-projectordisplayis assharpasthesingle-projectordisplayandtheeffect of
shadows is dramaticallyreduced.With dynamicshadow elimination,(Figure3, right) theremainingpenumbralocclusions
completelydisappear.

Thesequalitative resultswerecon�rmed by experimentscomparingour shadow eliminationsystem's performancewith
baselineone-andtwo-projectorsystems.A seriesof slidesweredisplayedusingthe threesystems,�rst without occluders
andthenwith staticoccludersin thescene.Imagesof thedisplayregion werecapturedusinga tripod-mountedcamera.We
computeda sum-squared-difference(SSD)of thegrey-level intensities(over thepixelscorrespondingto thedisplayregion
in thecameraimage)for eachslidepair (with andwithout occluders).Table1 summarizestheseresults.As expected,the
(umbra)shadows in thesingle-projectordisplayarethemajor sourceof error. We seea signi�cant improvementwith two
projectorssincethemajority of occlusionsbecomepenumbral.Finally, thebestresultsareachievedwhenthesepenumbral
occlusionsareactively eliminated.

3.2 Responsiveness

Sinceourshadow eliminationalgorithmusesaniterative technique,wewantedto con�rm thatthemethodconvergesquickly
to a stablevaluewithout excessive oscillationor overshoot. Figure4 shows a traceof the SSDbetweenthe currentand
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Figure3: Comparison between different projection systems. Left: in a single projector display, a single occluder creates a
sharp shadow on the display. Center: in this multi-projector display, the outputs from two off-center projectors are blended over
the entire surface to create an equally sharp image; the occluder now creates two darker regions rather than a single shadow.
This is an improvement over the single-projector system since the information in the occluded regions (e.g., the CVPR logo)
is now visible, albeit faintly. Right: the shadow elimination system locates these blemishes and removes them by boosting the
light intensity in those regions. The resulting shadow-free display looks as good as the original image.

Table1: SSD error between an unoccluded reference image and the same scene with a person occluding both projectors.
A two-projector display markedly improves the display by muting the shadows. The shadow-elimination system removes the
remaining artifacts and results in an almost-perfect image (see Figure 3).

SSDerrorover entiredisplay
Oneprojector 381:19� 106

Two projectors 56:15� 106

Shadow elimination 21:19� 106
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Figure4: A trace of the SSD error (difference between current and reference camera images over the display region) during
the operation of the shadow elimination system. The occluder is introduced at t=4 and abruptly removed at t=11.5. The
shadow elimination system restores the observed display intensities in three iterations. The SSD error is non-zero while the
occluder is moving due to system response lag.

referenceimagesduringonesuchexperiment.As expected,thereis nodifferencebetweenreferenceandcurrentimagesuntil
t=3.5,whenanoccluderis suddenlyintroducedinto thescene,at which point, theSSDspikesup. Oncetheoccluderslows
down3 (t=4), theshadow-eliminationalgorithmis ableto reducetheSSDerrornearits original levels. Theremainingerror
is mainlydueto “halo” effects(theoccluder's leadingedgecreatesashadow while trailing edgecreatesaninverse-shadow).
At t=11, theoccluderabruptlyleavesthescene,momentarilyleaving inverse-shadows on theareasof thedisplaythatwere
previouslyoccluded.However, within threeiterations,thesystemremovestheseartifactsandreturnsto its unoccludedstate.

A bene�t of usinga feedbacksystemfor shadow elimination(asopposedto a photometricmodelapproach)is that the
systemis surprisinglyrobust.For instance,if oneof theprojectorsin themulti-projectorarrayfails, thealphamaskwill uni-
formly increase,andtheremainingprojectorswill brightentheir imagesto compensate.Furthermore,theoverall brightness
of theentiremulti-projectorarraycanbechangedsimplyby adjustingthecameraaperture.

3.3 Easeof use

A majorconcernwith multi-projectordisplaysis that they typically requiretediousmanualcalibrationandalignment.Ease
of usewasof particularinterestto usbecausewe wantedto exploit theportability of lightweight (3 lb) projectorswith the
goalof deploying thesystematapresentationsitewithin minutes.

Thesystemofferstwo optionsfor vision-basedself-calibration(in additionto thebackupmanualalignment).The�rst is
fully-automatic: whenthe displaysurfacecanbe unambiguouslyidenti�ed in the cameraimage,the systemautomatically
derivestheprojector-screenhomography. Projector-camerahomographiesarealwaysderivedautomatically(by projectinga
known test-patterninto the environment). Thus,in goodconditions,the multi-projectordisplaysystemcancalibrateitself
withouthumanintervention.

The secondself-calibrationmodeis semi-automatic,and is employed when the userwishesto interactively specify a
particulardisplayregion. Thesystemobservestheuser's selectionin thecameraimageandautomaticallyadjustsprojector
homographiessothattheimageappearsin thedesiredregion.

Eithercalibrationmodeis signi�cantly fasterthanmanuallyspecifyingthetransformsneededto alignmultipleprojectors.

3Thecurrentimplementationof oursystemupdatesat3 Hz, andcannotcorrectfor fast-moving occluders.



74. RelatedWork
The authorsarenot awareof any prior work in active shadow eliminationfor projecteddisplays. Researchin the areaof
camera-assistedmulti-projectordisplaysis becomingmorepopular, particularlyin thecontext of seamlessvideowalls [3, 5,
6, 8]. However, noneof thesehaveexploredtheideaof usingmultipleprojectorsto createredundantly-illuminateddisplays.
A simplefeedbacksystem,similar to the onepresentedhere,wasusedby [8] to adjustprojectorillumination for uniform
blendingin the overlapregion of a video wall. The self-calibrationtechniquesusedin this paperwereadoptedfrom [7],
wherethey wereappliedto thetaskof automatickeystonecorrectionfor singleprojectorsystems.

5. Conclusion
We have developeda practicalsolutionto theproblemof shadows on front-projectionsystems.By redundantly-illuminating
thedisplayareawith multipleself-calibratingprojectors,themajorityof occlusionsbecomepenumbral.Thesecanbeactively
correctedby adjustingtheoutputof theprojectorsto createahigh-quality, shadow-freedisplay.

We areextendingthesystemin thefollowing areas.First,weareexploringshadow detectionasaninterfacemediumthat
enablesusersto interactwith a projecteddisplayasif it werea touchscreen.Second,we aredevelopinga new shadow-
elimination algorithm that removes light from occludingobjectsin addition to removing shadows. This would enablea
presenterto standin front of a multi-projectordisplay without being blinded by any of the projectors. Finally, we are
optimizingour systemso that it will run at framerate. Suchan implementationwould provide anaffordable,high-quality
alternative to expensive rear-projectiondisplaysystems.
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