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Abstract

Calibrating multiplemonitoror projectordisplayelements
to provide a compositeimage can be a time-consuming
taskif performedmanually. Ideally the userwould like to
roughlyaim a numberof projectors at a surface, de�ne the
desired displaycorners, andhavesomeautomaticmethod
to align thedisplay. A digital camera andcomputervision
canbe usedto calibrate theprojectors with theassistance
of self-identifyingpatterns. To accountfor distortioneffects
andto equalizebrightness,it is desirableto knowthemap-
ping of manypointswithin each projector image. A small
setof imagescanbeprojectedfromeach displayelementif
a self-identifyingpatternis used.Anarrayof ARTagmark-
ersareusedasa self-identifyingpatternwhich is displayed
in turn by each of the displaymonitors or projectors and
recognizedin thecamera image. In this wayan ad-hocar-
rangementof projectors canbe calibratedin seconds.Ex-
perimentalresultsareshownvalidatingthis architecture.

1. Intr oduction
A largescaledisplaycanbecreatedfrom anarrayof display
monitorsor by a numberof projectorsaimingontoa com-
mon projectionssurface. Using several display elements
(projectorsor monitors)togetherto createa seamlesscom-
binedimageis usefulin suchapplicationsasdisplaywalls
andwhereit is advantageousto useanarrayof lessexpen-
sive units for a largedisplayareathana singlehigh power
projector. Thecalibrationof thespatialgeometricandinten-
sity photometricparametersto producea seamlessmosaic
is achallengingtask.

Using a cameraor camerasandcomputervision to au-
tomaticallyalign projectoror monitor arraysis an attrac-
tive methodto avoid the complex and tedioustask of at-
temptingto setup a compositedisplay[8]. Raskaret al [7]
usecamerasto achievecompositedisplaysusingstructured
light methods.

Our methoddescribedhereingusesself-identifyingpat-
ternsto reducethe numberof imageframesthat needto
bedisplayedon eachdisplayelement,quiteoftenonly two
or threecalibrationpatternsper displayelement. This re-

sults in a fasterautocalibrationtime asopposedto binary
encodingtechniquesthat needto displaymorecalibration
patterns. Our concentrateson planardisplay surfacesby
�nding homographiesinsteadof projection matrices,but
the methodcan be extendedto three-dimensionaldisplay
surfaces.

In our methodthe camerais calibratedbeforehand,a
processthat itself is automaticandfast. Chenet al [2] use
an uncalibratedcamerato save on this cameracalibration
stepbut only useoneradial distortionparameterandrely
on aniterativeannealingprocessto �nd thecameraparam-
eters. Our camerais calibratedaccordingto Zhang's [10]
modelwith four distortionparametersandno numericalit-
erations(otherthanthosein Zhang's provenalgorithmfor
thecamera)arenecessaryremoving therelianceonapossi-
bly non-convergingprocedure.

2. SystemCon�guration
With a compositedisplaysystemthereis onevideosource,
a specialbox to performthecompositingcalleda composi-
tor herein,andanumberof outputvideosignalssentto sev-
eralprojectorsor monitors.This time varyingimagerycan
bea virtual displayandneednot actuallypassthroughone
of thevideoprotocols,but is describedastakingavideosig-
nalasinputasapracticalsystemimplementedtodaywould
likely use. The compositoris responsiblefor breakingup
this imageinto sectionsto giveto eachprojectoror monitor
it the compositedisplay. The compositormustalter both
thespatiallocationandintensityof theinput imagecontent
to provide a largecompositedisplaythatappearsasa sin-
gle largeseamlessdisplayto thehumanviewer. This paper
proposesasetof algorithmsfor thecompositorto use.

The compositorcan be in two modes;auto-calibration
modeor running mode. After the individual displaysare
set up, the systemis put into the auto-calibrationmode
wherethe systemcalculateshow to latergeneratethe out-
put signalsfor eachdisplay. The systemis then put into
runningmodefor thedurationof time it is in regularoper-
ationviewedby users.Thedisplayelements(projectorsor
monitors)areexpectedto bestationarythroughout,andthe
systemmustbe put backinto auto-calibrationmodeif the
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displayelementsor projectionsurfaceis moved.

The systemproposedin this paper requiresa digital
videocameraaimedat thecompositedisplayarea,thecam-
eramustbestationaryduringautocalibrationbut canbere-
movedwhenthesystemis in runningmode.

Hardware-wise,thesystemcanconsistof asimplehard-
wareengineor computerwith multiple videooutputs.The
complex auto-calibrationalgorithmscanbeperformedona
laptopcomputer. The laptopanddigital videocameracan
beremovedaftercalibrationis performed.

Figure 1: Compositedisplay. Four different different
display elements(projectors or monitors) are looselyar-
ranged, all are showingfull white images in this picture.
A digital camera (not shown)is usedto automaticallycali-
bratethecompositedisplay.

In runningmode,the compositortakesthe single input
video signalasinput andoutputs

�

video signals. In au-
tocalibrationmodetheoutputsignalscontaineitheroneof
theself-identifyingcalibrationpatternsor areall black.The
video signalsare usually in the form of a VGA, DVI-D,
DVI-I, or NTSC.Of theseonly DVI-D is adigital standard,
the othersare analogand must be resampledinto digital
in thecompositor. This compositortakesonevideosignal
from a computer, DVD/VHS player, or studiovideoequip-
mentasinputandproduces

�

signalsasoutputwhichdrive
�

projectorsor monitors,typically theseoutputsignalswill
besynchronousto the input by usingthe input's timing in-
formation.In videosignals,eitherdigital or analog,theim-
ageis serializedandeachimagepixel is sentin turn. With a
digital signala pixel's intensityandcolourinformationcan
bedeterminedby samplingthecorrectpositionin thedigi-
tal stream,or by acertaintimeafterasynchronizationpulse
in ananalogsignal.

2.1. Compositing
The compositingoperationcontainsboth a spatial andin-
tensitycomponentcorrespondingto geometricandphoto-
metriccalibrationrespectively. Thespatialpositionof each
pointin theinputimagemustbemappedproperlyto thecor-
rectpoint in oneof theoutputdisplaysto maintainaconsis-
tentgeometry. Theradianceof pointsin thecompositedis-
play mustbe scaledto accomodatethe varying brightness
betweendisplays,andwithin eachdisplayso that display
boundariesarenot visible.

The compositingoperationwould in its most ef�cient
form be performedby a look-up table(LUT) which is has
memorystoringan entry for eachpixel for eachof the

�

outputs.This allows a realtime systemto usesimplehard-
wareor GPU(graphicsprocessorin many moderncomput-
ers) as opposedto more complex schemessuchas in [7]
wherea two-passrenderingschemeperforms3D graphics
operationsfor every imageframe.

With the LUT implementation,a countergeneratesad-
dressessequentially���������
	���
�� (where ����� are
the output imagewidth andheight in pixels respectively),
onefor eachoutputpixel ����� (where� is theprojectornum-
ber �������

�

), andthecontentsof thememoryat each
addressis readout. Theinputimagepixels ����� � usuallycon-
sisteitherof asinglegreyscaleor anRGBtriple,usuallythe
outputpixels �

��� areof thesameformat. Theimagewarp-
ing function is performedby the informationcontainedin
thismemoryentry, thememoryentryat location � is usedto
generatetheintensityandcolourfor �

�!� . Theentrycontains
a binary�ag "#��� � , oneor moreimagecoordinatesets ��$%�'&(�

andoneor more scalarmultipliers. The binary �ag indi-
catesif the projectorshouldoutputanything for that pixel
or justremainblack,theremaininginformationin themem-
ory entryis ignoredif the "#�)�*� valueis 'of f '. Otherwise,the
entrycontainseithertheimagecoordinatesof asingleinput
pixel or neighbhorhoodof pixelsaround����$,+.- ��&.+.-/� . In the
simplersinglepixel mappingcase���!� is generated(Eqn.1)
anda scalarrespresenting0 132�4

0 576

. Pixelatingeffectsmaybe
removedby creatingeachoutputpixel �

��� from severalin-
put pixels relative to ��$

+.-
��&

+.-
� by a setof 8 coef�cients
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(Eqn. refeqn:composite-neigh).For example,a neighbour-
hoodof 8FEHG wouldbeusedfor bilinearinterpolation.
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The spatialcalibrationrequiresthat the image � coor-
dinates ��$[+�-'��&.+.-\� and binary �ag "#�)�*� be found for each
pixel position ��E]��^

+�-
��_

+.-
� in eachprojector/monitorim-

age. The projectionof pointsonto the compositedisplay
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canbemodeledby assuminga projectiontypeand�nding
parameters,or by simply interpolatingbetweenthemeshof
known correspondencesthattheARTagpatternprovides.If
theprojectionis modeled,it is likely modeledasa perfect
pinholeprojectionor aradial/tangentialdistortedversionof
a pinholeprojection. In the experimentperformedherein
the projectionwasmodeledasa pinholemodel, in which
casethemappingcanbeexpressedsimplyasahomography
[6]. Homographiescanbe calculatedwith a setof points
asin theARTag markersin this paper, or usinglinesasin
theprojectorsystemof [1]. This projector-to-source-image
homographyis labeled��� � in Eqn.3.

In orderto usethecamerahomographyonemustassume
a perspective (pinhole)projection. The calibratingcamera
shouldbe calibrateditself, suchaswith Zhang's [10] and
Tsai's [9] algorithms,thepopularOpenCVsoftwareimple-
mentstheformerandwasusedin this paper.
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".��� � is set to false(display black) if ��$ +.-��'&.+.-/� is out-
sidethedimensionsof thesourceimageor if it is beingdis-
playedby anotherprojector/monitor. At every point where
projectedregionsoverlapsomeheuristicmustbeapplied,in
our casewe selectedtheprojector/monitorwith thehighest
resolution.Fig. 7 shows theprojectionspacebeingdivided
upamongcameras.

Theprojector-to-source-imagehomographymatrix ���
�

is obtainedindirectly from theprojector-to-camerahomog-
raphy �

�
� and the image-to-camerahomography� ��� as

in Eqn. 4. �
�

� is obtainedfrom a leastsquares�t of the
48 or so ARTag cornerpointsfound in the cameraimage,
eachARTagmarker is uniqueandit is known a priori what
theimagecoordinatesare.Noneof theARTagmarkersare
repeatedin the pattern. And �nally , the image-to-camera
homography�

��� is chosensimply from thefour cornersof
thedesiredcompositeimagewindow. Thesecornerscanbe
foundby manuallyselectingpointsin thecameraimage,or
by holding up speciallarge ARTag marker so their corner
setsthedisplaycorners.

Eqns.1,2containthephotometriccalibrationterm 0
132�4

0
576wheretheprojectorpixel intensityis scaleddown to obtain

a uniform image.
J

+.- representsthemaximumimageirra-
diancethat theprojectorpixel I

+.- would createin thecal-
ibratingcamera's image,this canbe estimatedby �tting a
surfaceto thecameraimagepointsknown to beat thewhite
level due to their placein the self-identifyingpattern. To
createuniform intensity, no projectorpixel shouldcreatea
brightercameraimagepixel than

J

:MLON

.
J
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is themaxi-
mumintensityof any whitepointseenin thecameraimage,

all projectorpixels' brightnessarescaleddown to meetthe
brightnessof the leastbright pixel.

J

:�L N

is foundby �nd-
ing themaximumlevel of camerapixelsknown to befrom
theprojectoraccordingto thedetectedpattern.This canbe
performedoncefor the greyscalecomponentof an image,
or canberepeatedfor colourcomponentsto compensatefor
differenthuesbetweentheprojectors.

2.2 Self-identifying patterns: ARTag

Self-identifyingpatternsarespecialmarkerpatternsthatcan
beplacedin theenvironmentandautomaticallydetectedin
cameraimages.Also known as�ducial marker systems, a
library of thesepatternsandthe algorithmsto detectthem
helpto solve thecorrespondenceproblem.Self-identifying
marker systemssuchARToolkit and ARTag are typically
usedfor applicationssuchas calculatingcameraposefor
augmentedrealityandrobotnavigation.

ARTag [3, 4, 5] was chosenbecauseof its availability
(can be downloadedfrom1 and addedto userprograms),
its robustnessto lighting variation, its very low falsepos-
itivedetectionrate,andits very low inter-markerconfusion
rate(falselyidentifyingthemarkerID). ARTag�ducials are
squareplanarbi-tonalpatternswhich have a squareborder
andinternal36bit digital pattern(Fig. 2).

Figure2: ARTag markers. ARTag markersare bi-tonalpla-
nar marker patternsconsistingof a squareborderanda 6x6
interior grid of cellsrepresentinglogic '1' or '0'. 12 outof
thelibrary of 2002markersare shown.

ARTagmarkersrely only onaplanarsurfaceacrosseach
individual marker, the markers are detectedinvariant to
af�ne transformsand homographies.With projectorsys-
temsperspective distortionis introducedtwice, oncefrom
the projector-to-screenand secondlyfrom the screen-to-
camera. With monitor displaysystemsonly oneperspec-
tive distorion stepoccurs,however in both situationsthe
geometricdistortioncanbe modeledby a homographyfor
which the ARTag markers are invariant. ARTag markers
arealsorecognizableacrossa largerangeof scale,from a
minimumof ¡15 pixelsto almosttheentireimagein width.

1www.artag.net
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ARTagis abi-tonalsystemcontaining2002planarmark-
ers,eachconsistingof asquareborderandaninteriorregion
�lled with a6x6grid of blackor whitecells.1001of ARTag
markershaveablacksquareborderonawhitebackground,
and vice versafor the other 1001. The associatedalgo-
rithm for detection�rst locatesquadrilateralswhichmaybe
perspective views of themarker border, thenthe interior is
sampledinto 36binary'1' or '0' symbols.Furtherprocess-
ing is in thedigital domainproviding anon-linearresponse
giving very low falsepositiveand inter-marker confusion
rates. With ARTag, the probability of falsely identifying
onemarker for another, or a pieceof the backgroundasa
marker, is a probabilityof ��� �




������� .
The ARTag self-identifying pattern system was em-

ployed in our systemto �nd correspondencesin images
of the display elements. The calibration image pro-
jected/displayedby thedisplayelementsis anarraypattern
of ARTag�ducials at known locations.

Fig.5 shows markersbeingautomaticallylocatedin an
image.ARTaghassomerobustfeaturesthatallow it to de-
tect markerswhenpartly occluded,however this ”incom-
pletemarkerdetection”canbeturnedoff sothatonly com-
pletelyseenmarkersareusedascorrespondencepoints.

Fig. 3 shows the self-identifyingpatternscomposedof
arraysof ARTagmarkers.

Figure3: Threedifferentcalibrationimagesto displayfrom
each projector, with increasingdensityof ARTag markers.

3 Photometric Calibration using the
Self-Identifying Pattern

For thephotometriccalibrationtermin theequationsof Sec-
tion 2.1,

J

+.- representsthemaximumbrightnessin thecam-
eraimagethata projectorpoint I

+�- cancreate.TheARTag
patternidenti�es which points are at the full white level.
Thefull blacklevel canalsobefound.TheARTagmarkers
have a very low falsepositive detectionerror rateso it is
robustto usepointsinsidethemarker to samplethegrey or
RGBvalue(Fig.4).

4. Experiment

FourVGA projectorsweresetupfacingaprojectionscreen
with their projectionregionsoverlappingasin Fig. 1, and

Figure 4: Samplingof background points. Points inside
theARTag markersareknownto belongto thebackground.
Samplesof theRGBvaluesaretakenfor pointscorrespond-
ing to white andblack pointsin the ARTag marker. White
samplesare shownas white crosses,black samplesare
shownaswhitedots. Only completelyunoccludedmarkers
areusedfor sampling.

a colourdigital cameraof resolution1280x1024wasposi-
tioned on a tripod viewing the screen. Eachdisplay ele-
ment(projector)showed eachof the threeself-identifying
patternsof Fig. 3 while the other threewere projecting
black images,thesetwelve imageswereprocessedto �nd
theARTagpatterns

Threecalibrationimageswereshown by eachprojector
(Fig. 3) andanimageof thescreencapturedby thedigital
camera.Twelve imagesof this processtaken by a second
camera(not usedin thecomputations)areshown in Fig.6.
The imagestakenby themaincalibratedcamerawerecor-
rectedfor cameradistortionusingtheOpenCVcvUnDistor-
tOnce()function andinput to theARTag marker detection
algorithm. An exampleof thecameraimageandtheauto-
maticallydetectedARTagmarkersis shown in Fig.

Figure5: DetectingARTag markers in thecamera image

Theexperimentconducteddid not implementthephoto-

4



metriccalibrationcomponentof theproposedsystemAlso,
the projectornon-lineardistortionwas neglectedwith the
projectorimageto the undistortedcameraimagemapping
assumedto be a homography. Only the camerawascali-
bratedfor radialandthin prismdistortion.

Figure 6: Each projector displays each self-identifying
marker image, threedifferentdensitiesare usedin this ex-
periment.

A groupof differing projectorswereassembledfor the
experiment. Two of the projectorswere EpsonPowerlite
715C,onewasaPlusDLP V3-8105F, andonewasanElmo
3LCD DataProjector. The camerawasa IEEE-1394Pix-
elink PL-A360 �tted with a 16mmlens. The camerawas
calibratedusing the OpenCVcvCalibrateCamera() func-
tion (the correspondencesfor calibrationwere also found
usingARTag,a printedpattern30”x60” wasmountedto a
tableusedin our lab for cameracalibration).

5. Conclusions
A new compositedisplaysystemwas proposedfor creat-
ing a singledisplay from a groupof projectoror monitor
displayelements.Thesystemhasonly a few stepsandal-
lows for fast real-timecompositingwith simplehardware.
Usingseveralseparateprojectorstogetherto createaseam-
lesscombinedimageis usefulin a numberof applications
but this calibrationcanbea tediousanderrorpronetaskif
performedmanually.

Figure7: Dividing thecamera image(left) andthecompos-
ite displayimage(right) into areasof responsibilityfor each
projector. Black indicatesno projector is displayingthere,
thethreeshadesof grey indicateoneof the four projectors
arechosento projectto this region

Figure8: Theimagesprojectedbyeach projector, theareas
wherenopicture is to displayis black.

Figure9: The�nal compositeimage with all 4 projectors
displayingtheimagesin Fig. 8.
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A proposedsystemwasdescribedwherea usercanvery
rougly arrangea numberof monitors or projectorsat a
surface,de�ne the desireddisplay boundary, and achieve
both geometricandphotometriccalibrationautomatically.
A digital cameraandcomputervision wasusedto recog-
nize patternsprojectedby the individual displayelements.
An arrayof ARTag markerswasusedto form a setof self-
identifying patternswhich areprojectedin turn from each
displayelement.TheARTagmarkersareareliablesolution
to �nding correspondencesandform thenovel component
of this system. This allows for a fastcalibrationonly us-
ing a small numberof calibrationframesprojectedor dis-
playedby eachdisplayelement,asopposedto binary en-
codingtechniques.

This systemassumesa planarprojectionor displaysur-
facebut canbeextendedto 3D. However, theplanardisplay
surfaceis a reasonableassumption,especiallyin projector
systems.Using planardisplaysreducesthe projectionpa-
rametersto a homographywhich removessomeof theam-
biguity describedin [7] whenattemptingto modela3D sur-
face.

An preliminary experimentwas performedto validate
the feasibility andshowed reasonableresultsfor this sys-
temstill in earlydevelopment.Therearesomeinaccuracies
in theborderbetweentheprojectedimagesbut this is con-
sideredby the authorto be a minor implementationerror
andnot a �a w in the approach.This systemis envisaged
to be usedin systemwith a calibration andrunning mode
with thecalibrationimplementedon a laptopcomputerand
the running modeimplementedwith a low cost hardware
engine.The laptopcanbe pluggedin just for taskof cali-
bratingthecompositedisplayandcanthenberemoved. In
this way a complex setof displayelementscanbe rapidly
androbustlyauto-calibratedin mereminutesor less.
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