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Abstract

A major problemwith interactie displaysbasedon front-projectionis that userscastundesirableshadevs on the dis-
play surface. This situationis only partially-addressetly mountinga single projectorat an extremeangleandpre-warping
the projectedimageto undo keystoningdistortions. This paperdemonstrateshat shadevs canbe mutedby redundantly-
illuminating the display surfaceusingmultiple projectors,all mountedat differentlocations. However, this techniquedoes
not eliminateshadevs: multiple projectorscreatemultiple darkregionson the surface(penumbrabcclusions) We solve the
problemby usingcamerago automaticallyidentify occlusionsasthey occuranddynamicallyadjusteachprojectors output
sothatadditionallight is projectedontoeachpartially-occludegatch. The systemis self-calibrating:relevanthomographies
relatingprojectors camerasandthe displaysurfacearerecoreredby observingthe distortionsinducedin projectedcalibra-
tion patterns.The resultingredundantly-projectedisplayretainsthe high imagequality of a single-projectosystemwhile
dynamicallycorrectingfor all penumbrabcclusions Our initial two-projectoimplementatioroperatesat3 Hz.
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1. Intr oduction

Camera-projectosystemshave recentlybeenemployedfor a variety of applicationancludingthe constructiorof seamless
multi-projectorvideowalls [3, 5, 8], real-timerangescanning[2] andimmersive 3-D virtual ervironmentgeneratiorn6].
Thesesystemaypically exploit camera-projectasynegy in two ways: (1) by castinglight into the environmentto obsere
theresultingchangdn sceneappearancg?) by modifying the projectedmagesn respons¢o cameranput. For instancea
videowall cancalibrateoff-centerprojectorsby projectinga known test-patterdrom eachprojector observinghe keystone
distortionsin thepattern(usingthecamera)andcorrectingthedistortionby appropriatelypre-warpingtheimagesentto each
projector— sothateachprojectedmageappearsindistortecon the displaysurface.Iln astandardvideowall, the projectors
are mountedso that the projectionareasof adjacentprojectorsoverlapslightly. Unsightly seamsn the overlapzoneare
eliminatedby preciseprojectorregistrationandappropriatéblendingof the contritutionsfrom adjacenprojectors.

This paperintroducesa new applicationfor camera-projectosystemsvheremultiple projectorsareusednot to increase
the display size, but to generateredundanillumination over the display surface. A multi-projectordisplay with shadev
elimination could provide a good alternatve to expensve rearprojectionsystems. As shovn in Figure 1, the projectors
areplacedat extremeanglesbut orientedso thattheir projectionareasoverlapsigni cantly. By appropriatelypre-warping
the imagessentto eachprojector the systemgenerates sharp,keystone-correctetmagein the overlapzone. Redundant
illumination makesthe displayresistanto occlusions:the contentin a partially-occludedegion is readableaslong asone
projectormaintainsan unblocled light path. Unfortunately the occlusionstill causesa shadav in thatregion (visible asa
darker patch).This paperdescribes systenthatautomaticallydetectsanddynamicallyeliminatesheseshadevs sothatthe
displaysurfaceappearshadev-free evenin the presencef multiple, moving occluderqseeFigure3).

2. SystemQOverview

Thetechnicalkhallengesnvolvedin building ashadev eliminationsystenfor multi-projectordisplaysfall into thefollowing
threecateyories. First, the systemmustaccuratelyalign the projectedimageson the display surface;poorimagealignment
createslouble-imagesindkeystoning. Secondgachoccludercancreatemultiple shadavs on the displaysurface. Shadavs
whereall of the light sourcesare occludedaretermedumbial, andthosewhereat leastonelight sourceis unoccludedare
termedpenumbal. By de nition, thesystemcannotcontrollighting within anumbrasowe strive to avoid umbralocclusions
by positioningprojectorssothatthe displayis illuminatedfrom several differentdirections. All penumbralbcclusionscan
be correctedby projectingadditionallight into the region. Obviously, this light mustcomefrom one of the non-occluded
projectorsandthe systenmustdeterminehow to correcteachpenumbrabcclusion.Third, the systenmustpreciselyadjust
projectoroutputto compensatéor eachocclusion.If too little light is added the shadavs will remainvisible; if too much
light is used,over-illumination artifactswill be created.The shadev boundariesnustbe treatedcarefully sincehumansare
very sensitve to edgeartifacts.As theoccludersmove, the systenshouldrespondwiftly to changesn theshadevedregion.
Thefollowing subsectionslescribethe systemandpresenbur solutionsto theseissues.

2.1. Automatic Multi-Pr ojector Alignment

As shavn in Figurel, several projectorsareplacedsothattheir projectionareasall cornverge ontoa singledisplaysurfaceS.
Thegoalis to combinethelight from the projectorsto createa single,sharpimageon S. Clearly, onecannotsimply project
the sameraw imagesimultaneoushthroughthe different projectors;not only doesa given point on S correspondo very
differentpixel locationsin eachprojector but theimageproducedn S from ary singleprojectorwill bedistorted(sincethe
projectorsareoff-centerto S).

We assumehat: the positionsorientationsandoptical parametersf the cameraandprojectorsareunknavn; cameraand
projectoropticscanbe modeledby perspectie transforms;the projectionscreenis at. Therefore the varioustransforms
betweercamerascreerandprojectorscanall be modeledas2-D planarhomographies:
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where(x; y) and(X ;Y ) arecorrespondingointsin two framesof referenceandp = (p1::: po)" (constrainedy jpj = 1)
arethe parameterspecifyingthe homograpl. Theseparameterganbe determinedrom asfew asfour point correspon-
dencesusingthetechniquedescribedn [7].



2. SYSTEMOVERVIEW
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Figurel: 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.

Thehomograpk for eachcamera-projectguair T¢.p, canbedeterminedy projectingarectangldrom thegivenprojector
into theervironment.The coordinate®f therectangles cornersin projectorcoordinategx;; y;) areknown a priori, andthe
coordinate®f the cornersin thecamerarame(X;; ;) arelocatedusingstandardmageprocessindechniques.

Thedisplayareais eitherautomaticallydeterminedusingthe cameraor interactvely speci ed by the user The former
caserequiresthe display surfaceto be a white, rectangulamprojection screenagainst a contrastingbackground. Sucha
screershavs up clearlyin thecameramageasa bright quadrilateralandcanbe unambiguouslydenti ed by theautomatic
calibrationprocessThe cornersof this quadrilaterafully specifythehomograpk betweercameraandscreenl.s, andthe
homograply betweereachprojectorandthescreerilp, . canberecoreredusingthe equation:

Tps = Tc;pli Tes;

wherethe homographiesn theright handsideof the equationareall known.

Alternatively, the usercaninteractvely specifythe displayareaby manipulatingthe outline of a projectedquadrilateral
until it appearssa rectangleof the desiredsizeon the displaysurface. This directly speci esthe homograpk betweerthe
selectedprojectorandthe screenTp, ; the outline of the selectedrectanglecanthenbe detectedn the cameraimageas
discussedbove to determinghe camerao screerhomographi Tcs.

The projectorscreenhomographiesp,.s model the geometricdistortion (keystonewarping) that is inducedwhen an
imageis projectedfrom an off-centerprojectorP;. This distortion can be correctedby projectinga pre-warpedimage,
generatedy applyingthe inversetransformT,, ;13 to the original image? SinceTp, ;13Tpi s = |, onecanseethatthe pre-
warpingalsoalignstheimagedrom differentprojectorssothatall arepreciselyprojectecontoS. Applyingthehomographies
derived from cameraimages,a multi-projectorarray canthusbe ef ciently con gured to eliminatekeystoningdistortions
anddoubleimageson thedisplaysurface.

2.2. Occlusiondetection

Ratherthanlocatingoccludersby trackingobjectsin the ervironment,the systemfocusesexclusively on detectingartifacts
onthedisplaysurface. Thesecanoccurfor eitherof two reasonsFirst, uncorrectegpenumbrabcclusionsappearasdarker

regionsin acameramagethatcanbecorrectedy projectingadditionallight into theregion. Secondartifactsmaybecaused
by over-illumination of thedisplayareaandoccurmostoftenwhenanoccludingobject(whoseshadavs hadbeereliminated)
movesaway suddenly Thesebright spotsarecorrectedy reducingthelight intensityin theregion. Our algorithmmakesno

assumptionsremadeaboutthelocations sizesor shape®f occluders.

IHough-transforniine- tting [1] locatesthe edgesof the quadrilateralandits cornercoordinatesaregivenby intersectinghesdines.
2|n our currentsystemthis pre-warpis ef ciently implementedisingthetexture-mappingperationsvailablein standard-D graphicshardwvare.
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Figure2: 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.

Figure 2 illustratesthe algorithm. During its initialization phase(whenthe sceneis occluderfree) the systemprojects
eachpresentatiorslide andcapturessereral cameramagesof the projecteddisplay Theseimagesare pixel-wiseaveraged
to createa referencémagefor thatslide, andthis imagerepresentshe desiredstateof the display (Figure2, top left). The
goalof occlusiondetectionis to identify regionsin the currentimagethatdeviate from this ideal state.During operationthe
systemcameraacquiresa currentimageof the projecteddisplaywhich may containuncorrectedhadavs. For example,the
imageshowvn in Figure2 (centereft) hastwo darkregions,correspondingo thetwo penumbraeastby onepersonstanding
in front of thedisplay(eachprojectorcreatesoneshadav).

Sincethedisplaysurfaceremainsstatic,a pixel-wiseimagedifferencebetweercurrentandreferencecameramagescan
be usedto locateshadev and over-compensatiorartifacts. To reducethe effects of cameranoise,we applya5 5 spatial
medianlter to thedifferenceimage.A negative valuein a differenceimagepixel meanghatthe correspondingatchonthe
screenwasunderilluminatedin the currentimage. This informationis representeéh termsof analphamask( (), which
whenappliedto the currentcameramage,shouldbringit closerto thereferencémage.Alphavaluesrangefrom 0 (dark)to
255 (bright), andthe maskis initialized to 128att=0. The useof the alphamaskis describedn the next section.Thealpha
maskis updatedat every time-stepusingthefollowing simplefeedbacksystem:

tOGY) = ¢ a(xy) (1Y) To(XY);

wherel is thecameramageattimet, |, is thereferencémage,and is a systemparametefsetto 0.25in ourimplemen-
tation). For a staticscenethealphamaskcornvergesto a stable x edpointin avery shortperiodof time.

A noteworthy point aboutour systemis thatall of the projectorsin the multi-projectorsystemusethe samealphamask
for shadev removal, asdescribedn thefollowing section.
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The alphamask(describedabore) integratesthe previous stateof the shadev correction,andinformationfrom the current
differenceimage. However, sinceit wascomputedn the camerarame of referencejt mustbe transformednto the screen
frameof referenceébeforeit canbeapplied;thisis doneusingthe camera-screemomograpli T.s discussedn Section2.1.

Applying thealphamaskto the currentslideis straightforvard: thewarpedalphamasksimply replaceghe alphachannel
of theslideimage.Theslideis thenpre-warpedfor eachprojector(usingits particularscreen-to-projectdiomograpk) and
displayed.

It is surprisingthat projectingthe sameslide from all projectorscorrectly eliminatesall of the penumbralshadavs!
This canbe explainedby the following argument. Considerthe two-penumbrashadav con guration generatedy the two-
projector one-occludesystemshavn in Figures1 and 2 (the result holds for all penumbraeggeneratedy ary number
andcon guration of projectorsandoccluders).From P1's perspectie, the left high-alpharegion falls preciselyon the left
penumbrgShadw?2) while theright high-alpharegion harmlesslyover-illuminatesthe occluder FromP2's perspectie, the
left high-alpharegion falls on the occluder(without effect) and the right one correctsfor the right penumbra(Shadevl).
Thus,both projectorsareableto usethe sameslideto eliminateshadavs.

Sincewe donothave agoodphotometrianodelof theenvironment,we cannotpredictpreciselyhow muchlight is needed
to remove a shadev. However, the iterative feedbackoop usedto updatethe alphamaskallows usto avoid this problem:
the systemwill continueaddinglight to shadeved regionsuntil the region appearsasit did in the referenceamage. The
drawbackto suchaniterative techniqués thatthealphamaskcanrequireseveraliterationsto corverge;in practice shadavs
areeliminatedin approximatel\8 iterations.

3. Results

The experimentsdescribedn this sectionarebasedon the following implementation.lmagesareacquiredusingan NTSC
camergd640 480)attachedoaPCldigitizer;theoutputsubsystenconsistof two CompadgViP-2800XGA-resolution(1024

768)DLP microportableprojectordrivenby adual-headedraphicscard;the softwarerunson a standardvorkstation and
utilizestheMMX-enhancedoutinesfrom the Intel OpenSourceComputenVision Library [4] for ef cient imageprocessing.
The projectorsare positionedon either side of a whiteboardand the camerais mountedat an extreme angleto ensure
occlusion-freecoverageof the displaysurfaceThelocation,orientationandoptical parametersf the cameraandprojectors
areunknown.

We evaluatedheshadaev eliminationsystermonthreecriteria: (1) imagequality; (2) responsieness(3) easeof use.These
experimentsarediscussedelow.

3.1 Image quality

Theprimarygoalof themulti-projectordisplaysystemis to projecthigh-qualityimageshatremainshadev-freein the pres-
enceof occluders.In multi-projectordisplayblending,ary inaccuraciesn thehomograpk estimatiorleadto misalignment
in projectedimagescreatingglaring artifactssuchasdouble-imagesFigure 3 shavs views of the sameslide projectedon
single-and multi-projectordisplays;the multi-projectordisplayis assharpasthe single-projectodisplayandthe effect of
shadavs is dramaticallyreduced.With dynamicshadaev elimination, (Figure 3, right) the remainingpenumbralbcclusions
completelydisappear

Thesequalitative resultswere con rmed by experimentscomparingour shadev eliminationsystems$ performancewith
baselineone-andtwo-projectorsystems.A seriesof slidesweredisplayedusingthe threesystems,rst without occluders
andthenwith staticoccludersn the scene.Imagesof the displayregion werecapturedusinga tripod-mounteccamera We
computeda sum-squared-diérence(SSD)of the grey-level intensities(over the pixels correspondingdo the displayregion
in the cameraimage)for eachslide pair (with andwithout occluders).Table 1 summarizesheseresults. As expected the
(umbra)shadavs in the single-projectodisplayarethe major sourceof error. We seea signi cant improvementwith two
projectorssincethe majority of occlusionsbecomepenumbral.Finally, the bestresultsareachieved whenthesepenumbral
occlusionsareactively eliminated.

3.2 Responsveness

Sinceour shadev eliminationalgorithmusesaniterative techniquewe wantedto con rm thatthe methodcorvergesquickly
to a stablevalue without excessve oscillation or overshoot. Figure 4 shaws a trace of the SSD betweenthe currentand



3.2 Responsieness

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.

Tablel: 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).

SSDerroroverentiredisplay
Oneprojector 38119 10°
Two projectors 56:15 10°
Shadev elimination 21:19 10°
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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.

referencémagesduringonesuchexperiment.As expectedthereis no differencebetweerreferenceandcurrentimagesuntil
t=3.5,whenanoccluderis suddenlyintroducedinto the sceneat which point, the SSDspikesup. Oncethe occluderslows
down?® (t=4), the shadev-eliminationalgorithmis ableto reducethe SSDerror nearits original levels. The remainingerror
is mainly dueto “halo” effects(theoccluders leadingedgecreatesa shadev while trailing edgecreatesaninverse-shade).
At t=11, the occluderabruptlyleavesthe scenemomentarilyleaving inverse-shadwss on the areasof the displaythatwere
previously occluded However, within threeiterations the systenremovestheseartifactsandreturnsto its unoccludedstate.

A bene t of usinga feedbacksystemfor shadav elimination (asopposedo a photometricmodelapproachjs thatthe
systemis surprisinglyrobust. For instanceijf oneof the projectorsn the multi-projectorarrayfails, the alphamaskwill uni-
formly increaseandthe remainingprojectorswill brightentheirimagesto compensatef-urthermorethe overall brightness
of theentiremulti-projectorarraycanbe changedsimply by adjustingthe cameraaperture.

3.3 Easeof use

A major concernwith multi-projectordisplaysis thatthey typically requiretediousmanualcalibrationandalignment.Ease
of usewasof particularinterestto us becausave wantedto exploit the portability of lightweight (3 Ib) projectorswith the
goalof deplgying the systemat a presentatiorsite within minutes.

The systemofferstwo optionsfor vision-basedelf-calibration(in additionto the backupmanualalignment).The rst is
fully-automatic: whenthe display surfacecanbe unambiguoushidenti ed in the cameramage,the systemautomatically
derivesthe projectorscreerhomograpki. Projectorcamerahomographiearealwaysderived automatically(by projectinga
known test-patterrinto the ervironment). Thus,in good conditions,the multi-projectordisplay systemcan calibrateitself
withouthumanintervention.

The secondself-calibrationmodeis semi-automaticand is employed whenthe userwishesto interactively specify a
particulardisplayregion. The systemobseresthe users selectionin the cameramageandautomaticallyadjustsprojector
homographiesothattheimageappearsn the desiredregion.

Eithercalibrationmodeis signi cantly fastethanmanuallyspecifyingthetransformaieededo align multiple projectors.

3Thecurrentimplementatiorof our systemupdatesat 3 Hz, andcannotcorrectfor fast-maing occluders.
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The authorsare not aware of ary prior work in active shadav eliminationfor projecteddisplays. Researchn the areaof

camera-assistauulti-projectordisplaysis becomingmorepopular particularlyin the contect of seamlessideowalls[3, 5,

6, 8]. However, noneof thesehave exploredtheideaof usingmultiple projectorsto createredundantly-illuminatedisplays.
A simplefeedbacksystem similar to the one presentedere,wasusedby [8] to adjustprojectorillumination for uniform
blendingin the overlapregion of a videowall. The self-calibrationtechniquesisedin this paperwere adoptedfrom [7],

wherethey wereappliedto the taskof automatickeystonecorrectionfor singleprojectorsystems.

5. Conclusion

We have developeda practicalsolutionto the problemof shadavs on front-projectionsystemsBy redundantly-illuminating
thedisplayareawith multiple self-calibratingprojectorsthe majority of occlusiondbecomegpenumbral Thesecanbeactively
correctedoy adjustingthe outputof the projectorsto createa high-quality shadev-freedisplay

We areextendingthe systemin thefollowing areasFirst, we areexploring shadev detectiorasaninterfacemediumthat
enablesusersto interactwith a projecteddisplayasif it werea touchscreen.Secondwe are developinga newv shadev-
elimination algorithm that removes light from occludingobjectsin additionto remaving shadavs. This would enablea
presentetto standin front of a multi-projectordisplay without being blinded by ary of the projectors. Finally, we are
optimizing our systemso thatit will run atframerate. Suchanimplementatiorwould provide an affordable,high-quality
alternatve to expensve rearprojectiondisplaysystems.
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