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ABSTRACT

ADITI MAJUMDER:

A PracticalFramework to AchievePerceptuallySeamlessMulti-ProjectorDisplays

(Underthedirectionof Prof. Greg WelchandProf. Rick Stevens)

Arguably the most vexing problemremainingfor planarmulti-projectordisplaysis that of

color seamlessnessbetweenandwithin projectors.While researchershave exploredapproachesthat

strive for strict coloruniformity, this goaltypically resultsin severelycompresseddynamicrangeand

generallypoorimagequality.

In this dissertation,I introducethe emineopticfunction that modelsthe color variationsin

multi-projectordisplays. I alsointroducea generalgoal of color seamlessnessthat seeksto balance

perceptualuniformity anddisplayquality. Thesetwo provideacomprehensivegeneralizedframework

to studyandsolve for color variationin multi-projectordisplays.

For currentdisplays,usuallybuilt with samemodelprojectors,the variation in chrominance

(hue) is signi�cantly lessthan in luminance(brightness).Further, humansareat leastan orderof

magnitudemoresensitive to variationsin luminancethanin chrominance.So,usingthis framework

of the emineopticfunction I develop a new approachto solve the restrictedproblemof luminance

variationacrossmulti projectordisplays.My approachreconstructstheemineopticfunctionef�ciently

and modi�es it basedon a perception-driven goal for luminanceseamlessness.Finally I use the

graphicshardware to reproject the modi�ed function at interactive ratesby manipulatingonly the

projectorinputs.Thismethodhasbeensuccessfullydemonstratedon threedifferentdisplaysmadeof

5 � 3 arrayof �fteen projectors,3 � 2 arrayof six projectorsand2 � 2 arrayof four projectorsat the

ArgonneNationalLaboratory. My approachis ef�cient, accurate,automaticandscalable– requiring

only a digital cameraanda photometer. To thebestof my knowledge,this is the �rst approachand

systemthat addressesthe luminanceproblemin sucha comprehensive fashionandgeneratestruly

seamlessdisplayswith highdynamicrange.
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CHAPTER1

Intr oduction

1.1 Lar geTiled Displays

Figure1.1: A LargeAreaDisplayat ArgonneNationalLaboratory.

In 1980s,Alan Kay, the fatherof objectorientedprogramming,envisioneda dreamcomputer

with a megahertzprocessor, megabytesof memoryanda displayof severalmega pixels. Today, after

two decades,we have reachedthemilestonesof a gigahertzprocessorandgigabytesof memory. But

wearestill limited to smallmonitorswith approximatelyonemegapixels(1000� 1000) only.

Presentdaydesktopmonitorshavelow resolutionandsmall�eld of view. Thelimitation of such

monitorsis theinability to offer scaleanddetailsat thesametime. Imaginesuchadisplaybeingused

by ascientistto studya largehighresolutiondata.While seeingthedetailsin highresolution,heloses

sightof his locationin thedata.Largehighresolutiondisplaysoffer life-sizescaleandhighresolution,



Figure1.2: LargeTiled Displayat ArgonneNationalLaboratory: 5 � 3 arrayof �fteen projectors.

bothof whicharedesirablefor applicationslikescienti�c visualizationandtele-collaboration.Several

suchdisplaysareusedat SandiaNationalLaboratory, LawrenceLivermoreNationalLaboratoryand

ArgonneNationalLaboratoryfor visualizingvery largescienti�c data,in theorderof petabytes(1015

bytes)andhigher(1018 bytes),andalsofor holdingmeetingsbetweencollaboratorslocatedall around

thecountry. Suchdisplaysarealsousedto createhigh quality virtual reality (VR) environmentsused

to simulatesophisticatedtraining environmentsfor pilots. SuchVR environmentsarealsousedfor

entertainmentpurpose,for example,by Disney. FraunhoferInstituteof Germany, locatedonly a few

milesaway from theMercedesmanufacturingstationat Stuttgart,hasat leastsix suchdisplays,all of

which areusedto visualizelarge datasetsgeneratedduring the designof automobilesor for virtual

autocrashtests.SimilarsuchdisplaysareinvestigatedatPrincetonUniversity, theUniversityof North

Carolinaat ChapelHill, StanfordUniversity, TheUniversityof Kentucky andtheNationalCenterfor

Supercomputing(NCSA)at theUniversityof Illinois atUrbanaChampaign.

Figure1.1shows onesuchdisplayat theArgonneNationalLaboratory. Comparedto a19 inch

monitorwith 60 pixelsper inch resolution,sucha displaywould cover a largeareaof about15 � 10

feetin sizeandwould have a resolutionof 100� 300pixelsperinch. Thussuchdisplayswould have

asmany as140� 420million pixels.
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Figure1.3: Componentsof a LargeTiled DisplaySystem.

1.2 Building Lar geTiled Displays

Thereis no single display existing today that can meetsuchtaxing demands.The largestdisplay

availabletodayis about60inchesin diagonalandhasaboutfour million pixels(2000� 2000). Further,

even if sucha displayis availablein the future, it is not possibleto have eitherthe �e xibility or the

scalabilityin termsof resolutionandthenumberof pixels.

Hence,thewayto build �e xible large-areahigh-resolutiondisplaysis to tile projectorsto create

onegiantdisplay. Figure1.2 shows sucha displayat ArgonneNationalLaboratory. It is madeof a

3 � 5 arrayof �fteen projectors,which is 10 � 8 feet in sizeand35 pixelsper inch in resolution.In

sucha tiled display, scalingthenumberof pixelswouldmeanusingmoreprojectorsandchangingthe

pixel densitywouldmeanchangingthedisplay�eld-of-view (FOV) of theprojectors.

Theprojectorsin a tiled multi projectordisplaycanbearrangedin two differentwaysasshown

in Figure1.4. First, theprojectorscanbearrangedcarefullyto abut eachother. In this con�guration,

a slight mechanicalmovementin theprojectorpositionleadsto a seamat theprojectorboundary. To

avoid this mechanicalrigidity, theprojectorscanbearrangedsothatthey overlapat their boundaries.

However, this leadsto theintroductionof highbrightnessoverlapregions.

The renderingprocesson suchdisplayis differentandmorecomplicatedthanrenderingon a

desktop.Figure1.3shows onesuchpipelineof animagebeingrenderedon sucha display. Thelarge
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highresolutionimagethatis to bedisplayedonthetiled displayis dividedinto severalsmallerimages

by acentralizedor adistributedclient. In caseof 3D scenes,thismaymeandistributing3D geometric

primitivesto theservers.Thesesmallerimagesor the3D primitivesarefed to PCserverswhichdrive

theprojectors.Theprojectorsprojector rendertheseon thedisplayscreenwhich is thenviewedby a

viewer.

There are several different issuesthat are important in this renderingpipeline. Handling

andprocessingthe hundredsof millions of pixels demandef�cient datamanagementtechniquesat

the client end. Shippingthis large amountof dataef�ciently to the different PC servers demands

sophisticateddatadistribution. Ef�cient serverarchitectureis essentialfor interactivesystems.Finally,

thedisplayneedsto beperfectly“seamless”andundistorted,in termsof geometryandcolor.

The data management,distribution and driving server architectureproblems have been

addressedin [Samanta99,Humphreys00, Buck00, Humphreys01, Humphreys99]. The main

concentrationof thisdissertationis theissueof makingthesedisplays“seamless”in color.

Figure1.4: Left: AbuttingProjectors; Right: OverlappingProjectors.

1.3 Multi Projector Display Seamlessness

Therearetwo primarychallengesfacedwhile building a seamlessmulti projectordisplay. Theseare

geometricmisalignmentandcolor variation.

1. Geometric Misalignment: The �nal overall imageof a tiled displayis (by de�nition) formed

from multiple individual displaydevices. Hence,they maynot bealignedat their boundaries.

This is illustrated in Figure 1.5. Note that the fender of the bike appearsbroken at the

boundarybetweentwo projectors.In addition,thenonlinearradialdistortionof theprojection
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Figure 1.5: GeometricMisalignmentAcrossProjector Boundaries. Note the area marked by the
yellowsquarewhere thefenderof thebike is brokenacrosstheprojectorboundaries.

lens complicatesthe processfurther. There are several geometricregistration algorithms

[Raskar98,Raskar99b,Hereld02, Li00, Yang01] thataddressboththeseissues.

2. Color Variation: In Figure 1.4, while every pixel is driven with the sameinput value,

the corresponding�nal colors on the display surfaceare not the same. This illustratesthe

generalproblem of color variation in multi-projector displays. Even in the presenceof

perfectgeometricalignment,the color variation is suf�cient to breakthe illusion of a single

seamlessdisplay as shown in Figure 1.2. This problemcan be causedby device-dependent

conditions like intra-projector color variation (color variation within a single projector)

and inter-projector color variation (color variation acrossdifferent projectors)or by other

device-independentconditions such as non-Lambertiandisplay surface, overlaps between

projectorsand inter-re�ections [Majumder00,Stone1a,Stone1b]. This dissertationaddresses

thecolorvariationproblem.

1.4 PreviousWork

In thepast,therehadbeenquiteabit of work ongeometricregistration[Raskar98, Raskar99b,Yang01,

Hereld02,Raskar99a,CN93, Chen02]. Manualmethodsof manipulatingthe projectorcontrolsare

oftenextremelytimeconsumingevenfor smalldisplaysmadeof two or four projectors.Furthermore,
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Figure 1.6: Fifteenprojector tiled displayat ArgonneNational Laboratory: before blending(left),
after softwareblending(middle),andafteropticalblendingusingphysicalmask(right).

it is dif�cult for humansto manageso many variablesandarrive at an acceptablesolution. Having

a commonlamp for different projectors[Pailthorpe01] is labor-intensive and unscalable. Some

othermethods[Majumder00, Stone1a, Stone1b,Cazes99] try to matchthecolor gamutor luminance

responsesacrossdifferentprojectorsby lineartransformationsof colorspacesor luminanceresponses.

Further, all theseaddressonly thecolor variationacrossdifferentprojectors.They do not addressthe

variationwithin asingleprojectoror in theoverlapregionsandhencecannotachieveentirelyseamless

displays.Blendingor featheringtechniquesaddressonly theoverlapregionsandaim to smoothcolor

transitionsacrosstheoverlapregions,asshown in Figure1.6. This canbeachievedin threedifferent

ways. First, it canbe donein softwareby usingcarefully controlledlinear or cosinefunctions,for

example[Raskar98].Second,it canbedoneopticallywith theinclusionof physicalmasks(apertures)

mountedat the projectorboundaries[Li00]. This is called aperture blending. Finally, the analog

signalsfrom the projectorscan be manipulatedto achieve seamlessness[Chen01]. This is called

optical blending. Softwareblendingoftenassumeslinearresponseprojectorsandhenceshows bands

in theoverlapregions.Theapertureandopticalblendingtechniquesdonothaveenoughcontrolof the

blendingfunctionsto producetheaccuracy requiredfor theblendingto beimperceptible.Thusall the

blendingtechniquesresultin softeningtheseamsin theoverlappingregion,ratherthenremoving them.

Someothermethodshave tried to matchthebrightnessresponseof every pixel with the responseof

theworstpossiblepixel on thedisplay[Majumder02a]. Suchmethodssuffer from poorimagequality

dueto low dynamicrangeandcolor reproducingcapabilities(Figure8.8).

Thus,the problemof color variationin tiled multi-projectordisplayshasnot beenstudiedin

a structuredand comprehensive manner. Further, there is no clear way to tradeoff the available

projectorcapabilitiesandcreatehighqualitydisplays.Hence,thereexistsnoprototypethataddresses

thedifferenttypesof colorvariationsin auni�ed mannerandgeneratestruly seamlessdisplays.Thus,

this is probablythemostvexing problemthatstill needsto beaddressedto achieveseamlessdisplays.

6



1.5 The Problem: Color Variation AcrossMulti-Pr ojector Displays

Theproblemof colorvariationacrossdifferentdevicesis notentirelynew. Colormanagementsystems

havetriedtomatchcolorsacrossafew devicesin alaboratorysettingin thepast.However, theproblem

of color variationacrossthemulti-projectordisplayis muchmoredauntingfor many reasons.

First, just the scaleof the problemis much larger than any other systemdevelopedbefore.

Managingcoloracrosstwo or threelaboratorydeviceslikemonitor, printerandscannerhasprovedto

beacomplicatedproblem[ea97,Katoh96, Nakauchi96]. This is becausesomecolorsproducedby one

devicemaynotbeproducedby another. For multi-projectordisplaysthecomplexity of theproblemis

increasedby thefactthatwewantasolutionthatcaneasilyscaleto tensof projectors.

The traditionalway to matchcolorsacrossseveraldevicesin a color managementsystemhas

beenbuilt on the assumptionthat the spatialcolor variationacrosseachdevice is negligible. Thus,

theproblemis reducedto matchingfour or � vedifferent3D colorspaces.However, theprojectorsare

differentfrom mostotherdisplaydevicesbecausetheir displayspaceis separatedfrom their physical

space.This leadsto severalphysicalphenomenalike distanceattenuationof light, lensmagni�cation

andnon-diffusednatureof the displayscreenthat causeseverespatialvariationacrossthe display.

Thisbecomesmoreacutelyvisiblewhenthey aretiled sideby side.In addition,therearelargesudden

spatialluminancechangeswhenthedisplaytransitionsfrom anon-overlapto anoverlapregion. Thus,

eachpixel of eachprojectiondevicebehavesasadifferentdevicewith its own different3D colorspace.

Thus,the problemof matchingthe color acrossthe displayneedsmatching hundredsof millions of

color spaces, onefor eachpixel.

The problemof color managementin the pastaimedat matchingthe imagesfrom different

devices. Note that theseimageswere viewed by usersat different points in time. This is called

temporal comparativecolor. However, theimagesputup from differentprojectiondevicesin amulti-

projectordisplayareviewedat thesametime,but in adifferentspace(i.e. sideby side).This is called

spatialcomparativecolor. It hasbeenshown by differentperceptualstudies[Valois88,Goldstein01,

CC86] thathumansaremoresensitiveto spatialcomparativecolorthanto temporalcomparativecolor.

Thus,a higheraccuracythanthepreviouscolor managementsystemsis neededwhile correctingthe

color variationproblemin multi-projectordisplays.

Finally, thereis no model that capturessucha severe color variation acrossmulti-projector

displaysaccurately. As ananalogy, existing geometricmodelsof projectorsandcamerashelpde�ne
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clearly the goal of achieving geometricregistration. Such a model doesnot exist for the color

seamlessnessproblem.Further, thereis no formalde�nition of color seamlessness.

1.6 Main Innovations

Thisdissertationmakesthe�rst effort to addressthedauntingproblemof colorvariationin astructured

fashion. We presenta comprehensive modelthat capturesthe color variationacrossmulti-projector

displays. This helpsus de�ne a formal generalgoal of color seamlessness.Finally, we presenta

practicalalgorithmto generateseamlesshighquality, tiled displays.

Color can be representedin many ways. One suchrepresentationis basedon the way the

humansperceive color. In this representation,color is de�ned usingtwo properties,luminanceand

chrominance. Luminance,measuredin cd=m2, is a one-dimensionalproperty and indicatesthe

brightnessof acolor. Chrominanceis atwo-dimensionalpropertyanddescribesthehueandsaturation

of acolor. Hence,therangeof luminanceandchrominancereproducedby adevicecanberepresented

by a threedimensionalvolumethat de�nes the color spaceof the device. The dynamicrange of a

device is de�ned asthe ratio of themaximumandtheminimumluminancethatcanbeproducedby

thedevice. All thedifferenthuesandsaturationthatcanberepresentedby adevicecanberepresented

by a two dimensionalspacecalled the color gamut. Note that this doesnot include luminance. A

detailedtreatiseon this is availablein AppendixA.

1.6.1 ModelingColor Variation AcrossMulti-Projector Displays

In this dissertation,I �rst develop a function that comprehensively modelsthe variation in both

luminanceand chrominanceacrossa multi-projector display. I call this function the emineoptic

function. In Latin “eminens”meansprojectedlight and“optic” meanspertainingto vision. Combining

these,“emineoptic” signi�es viewing projectedlight. This function provides us with a unifying

framework within which all existing methodsfor multi-projectorcolor correctioncanbe explained.

In addition,this functioncanalsobeusedin thefutureto aid in thedesignof othermethodsto correct

multi-projectordisplaycolorvariations.Thus,this functionprovidesafundamentaltool to modelboth

the luminanceandchrominancevariationacrossmulti-projectordisplays.This is explainedin detail

in Chapters5 and6.
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Figure 1.7: Digital Photograph of a 5 � 3 array of 15 projectors. Left: Before Correction. Right:
Afterabsolutephotometricuniformity(Matchingonly luminance).

1.6.2 De�nition of Color Seamlessness

The emineopticfunction helpsus to provide a formal de�nition of color seamlessness.We de�ne

achieving absolutecolor uniformityasmatchingthe3D colorspaceateverypixel of thedisplayto the

others.Weshow thatthisapproachhasseverepracticallimitations.

1. As mentionedbefore,the severespatialvariationof color in projectionbaseddevicesmakes

eachpixel of thedisplayvarysigni�cantly in 3D colorspacefrom its neighboringpixels.Thus,

theproblemof matching3D colorspacesof hundredsof millions of pixelsis intractable.

2. Matchinglargely differing gamutsacrosssmallspatialdistancesusingexisting gamutmapping

algorithmsmaynot give ustheaccuracy demandedby thehumanvisualsensitivenesstowards

comparative color differences. In fact, it may be practically impossibleto achieve such a

matchinggiventhefactthatthecolorproducedby onepixel maybeimpossibleto reproduceat

another.

3. Finally, matchingof the 3D color spacesacrossall pixels of the displaystrictly would match

the responseof all the pixels to the pixel on the displaythat hasthe worst color property, i.e.

thesmallestcolorgamutandthelowestdynamicrange,ignoringthegoodpixelswhicharevery

much in majority. Given the fact that the spatialcolor variation is acutein multi-projector

displays,the worst pixel can have really poor color propertieslike contrast,brightnessand

color gamut.So,by achieving anabsolutecolor uniformity, thedisplayquality will beseverely

degraded.Justto give a �a vor of theproblem,Figure1.7shows theresultof analgorithmthat

matchesjust theluminanceof every pixel to theworstone.And hence,I endup with a display

thatis severelycompressedin contrastor dynamicrange.

9



However, severalperceptualstudies[Goldstein01,Valois88, Lloyd02] con�rm that it maynot

benecessaryto achieve absolutecolor uniformity to generatetheperceptionof color uniformity. The

humanvision systemhaslimited capabilitiesin perceiving color, brightnessandspatialfrequency.

Thiscanbeexploitedto achieveperceptualuniformitywhichdoesnot imply astrict coloruniformity.

For example, humanscannot detect a smooth spatial variation in color [Lloyd02, Goldstein01,

Valois88]. Hence,we canretainsmoothimperceptiblecolor variationsin themulti-projectordisplay

without degradingthe displayquality. In fact, allowing someimperceptiblevariationcan increase

the overall displayquality. Further, this canenableus to relax the severerequirementsfor absolute

color uniformity andmake theproblemtractable.Along theselines,I provide a generalde�nition of

perceptualuniformity usingtheemineopticfunctionin Chapter6. Thegeneralityof thisde�nition lies

in thefactthatit neednot belimited to thesinglefactorwe have pointedout herebut canincorporate

differentperceptual,userandtaskdependentfactors.

Further, I formulatea generalgoalof achieving color seamlessnessasanoptimizationproblem

that retainsmaximalimperceptiblecolor variation while minimizingthe degradation in the display

quality. Sucha goal helpsme achieve perceptuallyuniform high quality displaysas opposedto

absolutelyuniformdisplays. Thisgeneralformalde�nition is derivedfrom theemineopticfunctionin

Chapter6.

1.6.3 A PracticalAlgorithm to AchievePhotometricSeamlessness

Though we have a formal de�nition of color seamlessness,the optimization mentionedin the

precedingsectionrequire the optimizationof a � ve dimensionalfunction. These� ve dimensions

include three dimensionsof color (one for luminanceand two for chrominance)and two spatial

dimensions.This is a dauntingproblemby itself. So, I simplify this problemwhile designingthe

algorithmusingsomepracticalobservationsasfollows.

1. From analyzing the luminanceand chrominancepropertiesof multi-projector displays in

Chapter4, I make a very importantobservation that the chrominanceis relatively constant

spatiallyacrossall pixelsof a singleprojector. Further, chrominanceacrossdifferentprojectors

of thesamemodelvarynegligibly. This indicatesthatfor displaywallsmadeof thesamemodel

projectors,the spatialvariation in chrominanceis negligible. On the other hand,luminance

variationis verysigni�cant.

10



2. Thesecondimportantobservationis madefrom severalperceptualstudies[Valois88,Valois90,

Chorley81] that show that the humansare at leastan order of magnitudemore sensitive to

variationin luminancethanto variationin chrominance.

Giventhesetwo observations,I addressonly theluminancevariationproblemin ouralgorithm,

assumingthat the chrominanceis spatiallyconstantacrossthe display. This helpsme in two ways.

First, whendealingwith both chrominanceandluminance,it is possibleto be in a situationwhere

thereis no common3D color spacethat is sharedby all the projectorsor pixels. This makes the

problemof achieving a perceptualor an absoluteuniformity an intractableoptimizationproblem

[Bern03,Stone1a, Stone1b]. Second,treatingonly the luminancereducesthe problemfrom a � ve

dimensionaloptimizationproblemto a simpler threedimensionaloptimizationproblem. Sinceour

algorithmonly addressestheluminance,wesaythatit achievesphotometricseamlessnessasopposed

to color seamlessness. This algorithmandits implementationarepresentedin Chapter7 and8. We

alsopresenta metricto characterizeandevaluatethephotometricseamlessnessachievedby a display

in Chapter9.

1.6.4 ThesisStatement

To summarize,thecentralclaimsof this researchis asfollows.

� Thecolor variation in multi-projectordisplayscanbemodeledby theemineopticfunction.

� Achieving color seamlessnessis an optimization problem that can be de�ned using the

emineopticfunction.

� Perceptuallyuniform high quality displayscan be achievedby realizinga desired emineoptic

functionthat satis�esthefollowing twoconditions.

1. Thevariation in thedesiredemineopticfunctionis controlled to beimperceptible.

2. The desired emineoptic function differs minimally from the original high quality

emineopticfunctionof thedisplay, thusavoidingthesevere overall lossin displayquality

resultingfromglobaluniformity.
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1.7 DissertationOutline

In AppendixA, I provideabrief backgroundoncolorandperception,asrelatedto my thesis.Chapter

2 providesa brief introductionto projectors,differentprojectiontechnologieswith their advantages

anddisadvantages,projectorarchitectureswith their respective advantagesanddisadvantages.This

chapterprovides the necessaryengineeringknowledgeto understandthe sourceof the problemof

color variation. A readereducatedin theseareascanskip mostof thesechapters.However the last

sectionof Chapter2 providesuseful insightson the displaypropertiesfor multi-projectordisplays

which maynot beavailablein any standardtext books.In Chapter3, we provide a brief introduction

to humanvisual systemsand discussseveral relevant perceptualcapabilitiesand limitations. This

knowledgehelpsin optimallymanagingresourceswhile designingmulti-projectordisplays.A reader

pro�cient with theareaof humanperceptioncanskip mostof this chapter. However, the lastsection

of this chapterdiscussestherelevanceof theseperceptuallimitationswhile dealingwith propertiesof

multi-projectordisplaysandcanprovide interestinginsights.

Chapter4 provides a detailedanalysisand classi�cation of the color variation problem in

multi-projector displaysalong with the possiblereasonsfor thesevariations. This analysisand

study leads to the developmentof the emineopticfunction in Chapter5 that models the color

variation in multi-projectordisplays. Chapter6 presentsthe de�nition of color seamlessnessand

the framework for achieving color seamlessnessasderived from the emineopticfunction. Chapter

7 presentsthe algorithmderived from the emineopticfunction to achieve photometricseamlessness

acrossmulti-projectordisplays. Chapter8 presentsthe detailedimplementationandresultsof this

algorithm.Chapter9 presentsanevaluationmetricto evaluatetheresultsof ouralgorithm.Finally we

concludein Chapter10with a few futureproblems.
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CHAPTER2

Projection BasedDisplays

Projection-baseddisplayshave beenusedfor a long time for a variety of purposesstarting from

individual presentationto cinema. Thoughlarge tiled displaysopenup a completelynew way to

useprojectors,it is still importantto know theengineeringdetailsof aprojectiondevice to understand

the problemof color variationin multi projectordisplays. A detailedtreatiseof this is availableat

[Stupp99].

2.1 Projection Technologies

Figure2.1: Schematicof CRTprojectionsystem.



Figure2.2: Schematicrepresentationof a light valveprojectionsystem.

Projectorscanbe designedusing two basictechnologies.It canbe a emissiveimage source

technologylike cathoderay tube(CRT) andlaseror light valvetechnologylike liquid crystaldevices

(LCD), digital micro-mirror devices (DMD), anddigital imagelight ampli�er (DILA). The former

is light on-demandtechnologywhereappropriateamountof light is generatedfor varying signal

strengths.On the otherhand,the latter arelight attenuatingtechnologywherelight is continuously

generatedatpeakstrengthandthentheappropriateamountof light is blockedoutbasedonthedesired

outputintensity. Theseareillustratedin Figure2.1and2.2.

Figure2.3: A CathodeRayTube.

2.1.1 CathodeRayTube(CRT)

The emissive imagesourcein thesekinds of devicesis madeof a cathoderay tube. A cathoderay

tubeis illustratedin Figure2.3. In a cathoderay tube,the cathodeis a heated�lament (not unlike

14



the �lament in a normallight lamp). Theheated�lament is in a vacuumcreatedinsidea glasstube.

The ray is a streamof electronsthatnaturallypouroff a heatedcathodeinto thevacuum.Electrons

arenegative. The anodeis positive, so it attractsthe electronspouringoff the cathode.The stream

of electronsis focusedby a focusinganodeinto a tight beamandthenacceleratedby anaccelerating

anode. This tight, high-speedbeamof electrons�ies throughthe vacuumin the tubeandhits the

�at screenfaceat theotherendof the tube. This screenis coatedwith phosphor, which glows when

struckby the beam. This screencoatedwith phosphoris alsocalledfaceplate. To direct the beam

at different locationsin the phosphorcoatedscreen,the tube is typically wrappedin coils of wires

calledthesteeringcoils. Thesecoilsareableto createmagnetic�elds insidethetube,andtheelectron

beamrespondsto the �elds. Onesetof coils createsa magnetic�eld that movesthe electronbeam

vertically, while anothersetmovesthebeamhorizontally. By controllingthevoltagesin thecoils,you

canpositiontheelectronbeamatany pointon thescreen.

In CRT projectors,asshown in Figure2.1, a separateCRT is generallyusedfor eachcolor

channel. The light from the faceplatesaredirectedto a projectionlenssystemwhich projectsthe

magni�ed imageon thewall.

2.1.2 Liquid CrystalDevice(LCD)

The liquid crystalprojectoris basedon light valve technologyandis illustratedin Figure2.2. This

consistsof a beamseparatorthat splits the white light from the lamp into red, greenandblue; the

split beamsthenpassesthroughthethreelight valve panelsthatattenuatetheamountof light at each

displaylocationdifferentlyaspertheimageinput;and�nally thebeamcombinercombinesthesesplit

beamsfrom whereit is projectedthroughtheprojectionlens.

The light valvesin theLCD projectiondevicesaremadeof liquid crystalpixelsaddressedby

active matrix devices. The voltagesappliedchangesthe liquid crystal transmissive and dielectric

properties,which in turnchangesthepolarizationof light.

Liquid crystals(LC) arein anintermediatephase,calledmesophase,betweencrystallinesolids

andisotropic�uid. WhentheLC is cooled,it will turn to a solid andat high temperatures,it will turn

to a liquid.

Amongstall kinds of LC material,the nematicone is most commonlyused. Theseare rod

shapedliquid crystalsalignedin onepredominantdirectioncalledthedirector. Usually theLCs are

sandwichedbetweentwo alignmentlayerscalledthepolarizerandanalyzer.
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TheLCD technologycanto bedesignedin two ways.The�rst is drivento whitemode.Here,

with novoltage,theunpolarizedlight getspolarizedby thepolarizer, changesdirectionof polarization

whenpassingthroughtheliquid crystalandthengetsblockedby theanalyzer. With appliedvoltage,

theamountof light blockedby theanalyzerdecreases,thusincreasingthe intensityof theprojected

light. Sincethe minimum is producedwith no voltageand applying voltagedrives it towardsthe

maximumintensity, this typeof projectorsaresaidto bedrivento white.

In thedrivento black mode,thepolarizerandanalyzerareorthogonalto eachotheror areatan

angleso that the liquid crystalsundergo a twist. Thesearecalledtwistednematic(TN) cells. Here,

with no voltage,themaximumintensityis passedby theanalyzer. With appliedvoltage,theamount

of light blocked increasesandat very high voltages,thewhole light is blocked. Sincetheseproduce

lessandlesslight with moreandmorevoltage,thesearesaidto bedrivento black.

The polymer dispersedliquid crystal (PDLC) doesnot needa polarizer or analyzer. The

electro-opticmaterialhasliquid crystalssuspendedin them. Without voltage,light is not polarized

andscatteredin all directions.With voltage,it is polarizedto differentpartiallevel. A schlirenoptical

systemis thenusedto separatethescatteredandthepolarizedlight directingthepolarizedlight on to

theprojectionlens.

2.1.3 Digital Micromirror Device(DMD)

Figure2.4: Left: Schematicrepresentationof DMD. Right: A DLP projectormadeof DMDs.

In these,eachpixel consistsof a micro-mirroron a torsion-hinge-suspendedyoke. Themirror

canbede�ectedin a+10 or � 10degrees.In oneposition,thelight falling onthemirror is re�ectedon
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to theprojectionlens.In theother, it doesnot re�ect on to thelens.Thegrayscaleimageryis created

by binaryweightedpulsewidth modulation.This is illustratedin Figure2.4. In singlechip systems,

color imageryis producedby usinga rotatingcolor �lter to presenttheimagesfor differentchannels

sequentially.

2.2 Comparisonof Differ ent Projection Technologies

The differentprojectiontechnologiesmentionedin the precedingsectionshave differentadvantages

anddisadvantageswhichwewill bediscussingin thissection.

1. Brightness: The brightnessof the CRT projectorsareoften limited by the propertiesof the

phosphors. With increasingbeamcurrents,after a certain threshold,the phosphorsdo not

increasetheemission.Thisis signi�cant for bluephosphors.However, thismaybecompensated

by what is calledbeamblooming, the increasein the beamdiameterat higherbeamcurrents.

Thiscompensatesthesaturationproblemto someextent.Further, thereis theproblemof thermal

quenching.At veryhightemperaturestheemissivity of phosphorsdecreaseswith increasein the

beamcurrent. A liquid cooling is coupledwith the faceplateto avoid this problem. However,

thebrightnessis limited by thephosphorusproperties.Unlike this, increasingthepower of the

lampcaneasilyincreasethebrightnessof thelight valve projectors.Of course,this alsobrings

in theneedof coolingthesystemwhich is oftenachievedby a fanin theprojector.

2. Contrast: Inherently, CRT projectorsproducelight underdemand,canbeadjustedto produce

nodiscernablelight for black.Thus,theseprojectorsusuallyhaveveryhighdynamicrange.On

theotherhand,sincethelight valveprojectorsuselight blockingtechnology, it is impossibleto

eliminatetheamountof leakagelight that is projectedat all times.This reducesthecontrastof

theprojectors.

3. Resolution: Usually, thesystemshown in Figure2.1have thethreedifferentaxisof projection

for thedifferentchannelsleadingto differentkeystoningfor differentchannels.Thisneedsto be

convergedby non-linearadjustmentsto thede�ection. However, thisoftenalmostimpossibleto

achieve. This is shown in Figure2.5. Second,Thefocusof theelectronbeamalsocontributes

to the resolution. Usually, the beamis bestfocusedas constantdistancefrom the centerof

de�ection. Soideally, oneshouldhave convex faceplate.But that leadsto complex projection

opticsdesignandalsosomeproblemstherein. Hence,suchfaceplatesareavoidedat costof
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Figure 2.5: Theconvergenceproblemof theCRTprojectors (left) whencomparedwith a light valve
projector(right).

resolution. For light valve projectors,a phenomenoncall comais experiencedwhenthe light

travels throughthe thick glassthat makesthe �lter substratesor the projectionlens. In such

cases,someghostimagesdecreasethe resolutionof thepicture. Often theorientationof light

valvepanelsneedsto beadjustedto correctfor this.

4. Light Ef�cacy: Usually, the light ef�cacy of the light valve projectorsarevery low because

light is continuouslyproducedandtheunwantedlight is blockedout. This is especiallylow for

LCD projectorssinceonly light polarizedin aparticulardirectionis allowedto passthroughthe

LCD panels.

2.3 Optical Elements

In this section,we discussbrie�y the different optical elementsof a projector. This will help us

understandthecontribution of theseelementsto thecolor variationin a multi-projectordisplay. The

differentopticalelementsprimarily include�lters, mirrorsandprisms,integrators,lampsandscreens.

2.3.1 Filters

Filtersareusedin theopticalpathof light valveprojectorsto split thewhitelight to red,greenandblue

onesandthenrecombinethembackafterpassingthroughthe light valves. The importantproperties

of the �lters are its spectralresponse,transmissivity andre�ectivity. Usually theseresponsesvary

with polarizationof light andangleof incidenceandcancausedifferentaberrationsthatneedsto be

compensated.

Therearetwo kindsof �lters, absorptiveor dichroic. Both the�lters aremadeby severallayers

of materialsalternatingwith high andlow dielectricconstantandsandwichedbetweentwo substrates

of glass.
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Dichroic �lters

Notethatdichroic�lters cannotcombinebeamsof thesamecolor or polarization.So,it cancombine

greenandredbeamstogetherbut not two redbeams.

Thebiggestadvantagefor dichroic�lters is thatthey absorbalmostno light. Hence,almostall

light is transmitted(about96%at normalincidence).This alsomeansnegligible heatingor thermal

stressonthe�lters. Usually, it isprettyeasytodesigndichroic�lters with goodspectralcharacteristics.

Usually the spectralcharacteristicsvary with angleof incidence. For non-normalincidence,

especiallyat more than20 degrees,the spectralbandshows a signi�cant shift to the left. In most

projectors,thedichroic�lters receivenon-telecentriclight wheretheangleof incidenceononesideis

differentthanat theotherend.This leadsto acolor shift from oneendof theprojectorto anotherthat

maybenoticeable.Usually, non-telecentriclight leadsto compactdesignandsmallerprojectors.The

anglealsohaseffectsin thetransmissivity andhenceoftenthereis a luminancegradientfrom oneside

to otherof a projector. As a solution,oftena gradientis built in thedichroic �lter to compensatefor

theseeffects.

AbsorptiveFilters

Thesearenotusedmuchfor threeprimaryreasons.

1. Sincethey absorbwavelengthsselectively to split the light, they areoftenheatedup highly or

arethermallystressed.This leadsto lower life of the�lters.

2. They usuallyhavelow transmissioncapabilities,about65%. Thisnotonly reducestheef�ciency

of the system,but the straylight generatedoften reducesthe contrastby increasingthe black

offset.

3. Finally, it is dif�cult to designbandpassor shortwavelengthpass�lters. Sotheblueandgreen

primariesoftenarenotsaturatedleadingto lowercolorgamuts.Longwavelengthpassing�lters

(red�lters) arereasonablyeasyto make.

2.3.2 Mirrors andPrisms

Mirrors andprismsareusedin theopticalpathto move thebeamaroundasrequired.Re�ection from

mirrorsandtotal internalre�ections in prismsareusedfor this purpose.Usually, �rst surfacemirrors

areused.Secondsurfacemirrorsproduceghostimageswhich reducetheprojectorresolution.
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2.3.3 Integrators

Theintegratorshave two functions.First, they make the luminanceuniform andsecondthey change

thecircularcrosssectionof thelampbeamto therectangularcrosssectionbeamrequiredfor thelight

valves.

Sincethelampis apointsourceof light, oftentheilluminationof thelight valvesshow asevere

fall off from centerto fringe. Further, dueto the samereason,the ef�ciency of the systemis often

reducedsincemuchof the light doesnot actuallymake it to the projectionlens. And �nally , this

wastedlight canendupcausinglow contrastdisplays.

Integratorsalleviateall theseproblems.Therearetwo typesof integrators.

Lenslet integrators

This usually has two lenslet arraysfollowing the lamp-re�ector assembly. The secondarray is

combinedwith an auxiliary lens. The lenslet changesthe single sourceinto a array of sources.

However, thenumberof lensletsusediscritical. With toofew lenses,theilluminationisnotsuf�ciently

uniform. But with too many lenslets,thereis no transitionregion betweenadjacentlensletscreating

somestepartifacts.

Rod Integrators

This is madeof apairof squareplatesplacedperpendicularto thelampre�ector assembly. Thebeam

from thelampgetsre�ectedbackandforth acrosstheseplatesbeforereachingthe light valve. If the

rod is longenough,this meansthatthespatialcorrelationof thebeamsarelost by thetime they reach

at theendof therod integratorcreatinga moreuniform illumination. In fact,with a suf�ciently long

rod,a perfectlyuniform �eld canbeachieved. However, therearethreemainreasonswhy thelenslet

integratorsaremorepopular.

1. Theopticalpathlengthcanbeprettylong leadingto lesscompactdesign.

2. The multiple re�ections can result in signi�cant loss in light, reducingthe overall system

ef�ciency.

3. It is dif�cult to useit with polarizedlight usuallyusedin LCDs becauseit cancausein partial

changein polarizationof light.
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2.3.4 ProjectionScreens

Screenis a passive device but can redirect energy in an ef�cient mannerto increasethe visual

experience. The gain of a screenis de�ned by the ratio of the light re�ected by a screentowards

a viewer perpendicularto it to that re�ected by a Lambertianscreenin the samedirection. Thus,

screenswith highgainhavedirectionallight re�ection propertieswhile aLambertianscreenhasagain

of 1:0.

2.3.5 ProjectorLamps

Therearetwo major typesof lampsusedfor light valve projectiondevices,namelytungstenhalogen

lampsandhigh-intensitydischarge(HID) lampsthatincludexenonlamps,metalhalidelampsandthe

UHP lamps.

The HID lampsare �lled with somematerialat room temperature.This vaporizesat high

temperaturesto emit light. However, when cold, the typical pressureof the lamp is 10 � 13

atmospheres.Whenoperating,this is near50� 59atmosphereswhichincreaselampexplosionhazard.

Usually, it is in a safechamberwhile operatingbut this doesnot reducethe chanceof an explosion

while changingthelamp.

Metal halidelampsusuallyhave a metal �ll with halidedoping. Most metalshave excellent

spectralemissionin gaseousstate. Unfortunatelythey have a very low vapor pressureand very

few atomsare in the free gaseousstateto emit light. In fact, they condensein the relatively cold

quartz.To increasetheir vaporpressure,ahalidedopingis used.Iodineis usuallyaverygooddoping

element.Usingthis leavesthemetalatomin gaseousstatenearthearcandthey emitdueto thehigher

temperaturesnearthearc.

Oneof the most importantlamp artifactsincludesspectralemissionlines. Somelampsemit

light nearthe yellow andblue which cannotbe blocked by the �lters andreducesthe saturationof

either the greenor red reducingthe color gamut. Further, manufacturingerrorsmake it dif�cult to

predictwhethertheyellow will beincludedin thegreenor thered.Thusdifferentprojectorsusingthe

samelampcanshow differentcharacteristicsof theprimaries.Thesameproblemneartheblue-green

region in notnearlyasseriousbecauseof theconsiderableoverlapin theblueandgreenspectrums.
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2.4 Projection Ar chitectures

The projectorarchitectureusuallydiffers in the numberof projectionlensesusedand whetherthe

threechannelsaremultiplexedin timeor space.In thissection,wewill �rst discussthedifferentCRT

architecturesandthenthelight valveprojectorarchitectures.

Figure2.6: ThreeCRTsinglelensarchitecture.

2.4.1 CRT Projectors

Most CRT projectorshave a threeCRT threelensarchitectureasshown in Figure2.1. As mentioned

earlier, convergenceof pixelsfrom differentchannelsis asigni�cant issue.So,anonelensarchitecture

is oftenusedasshown in Figure2.6. Here,theoutputof the threetubesis combinedusingdichroic

�lters whicharethenpassedthroughtheprojectionlens.Thedifferentkeystonedistortionsof different

channelsareavoided.Thusconvergenceis muchbetter. Further, theconvergenceneednotbeadjusted

with changein thedistancefrom thescreen.Theconvergencecanbefactorysetinstead.

2.4.2 Light ValveProjectors

The light valve projectorsdiffer in architecturedependingon the numberof panelsused. Usually,

panelsarevery expensive. Hence,lessernumberof panelsmeanslessercost.Almost alwaysa single

lensis usedfor projection.

Three panel systemsare the most dominantarchitectureby may have some convergence

problem. For single panelprojectors,color �eld sequentialsystemsor color micro-�lters systems

or angularcolor separationsystemsareused.
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Sometwo panelsystemshave alsobeendesigneddueto engineeringissues.Dueto systemor

device limitations,sometimesa panelcanmodulatetwo colorssatisfactorily andnot the third. This

calls for a secondpanel. Or, if the lamp is de�cient in onecolor, it needsto be projecteda greater

percentageof time.

Thr eePanelSystems

This is themostdominantarchitecture.It usesthreevalves,singlelensandsinglelamp.Eachpanelis

dedicatedto onecolor. Thisenablesmaximalusageof theavailablelight. Therearetwo typesof three

valvesystems.

Figure2.7: ThreePanelEqualPathArchitecture.

1. EqualPath Systems:In this system,thethreecolorshave equalopticalpathasshown in Figure

2.7. Further, thepathfrom thelampto thelight valvesandfrom thelight valvesto thelensare

alsoequalfor every channel.However, thenumberof dichroic�lters traversedandthenumber

of mirror re�ections undergoneby the colorsarenot equal. Usually at leasttwo of the three

light valvesareprovidedwith six axisadjustmentsto achieve convergence.Theseadjustments

shouldbeshockresistantto maintaintheconvergence.

This architecturehasa few disadvantages.First is the convergenceissue. Second,the large

distancefrom thelampto theprojectionlensreducesthelight ef�ciency thusdemandingtheuse

of expensive lensto getacceptableimagequality. Third. thenumberof dichroic �lters passed
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is not samefor every color which introducesdifferentamountof comafor eachof them. This

leadsto moreconvergence.Two colorsundergo oddnumberof re�ections that laterally invert

theopticalpathwhile theotherundergoevennumberof re�ection. Thus,theopticalpathof the

colorwith oddnumberof re�ectionsneedsto beinvertedby electronics.

Figure2.8: ThreePanelUnequalPathArchitecture.

2. Unequal Path Systems: In this architecture,crosseddichroic �lters mountedon the inner

diagonalof the prism is usedfor recombinationof the light. The threepanelsare mounted

on the threesidesof the prism andthe projectionlensis mountedon the fourth side. This is

illustratedin Figure2.8.

Therearesomeadvantagesof this system.First, theshorteropticalpathlengthfrom the lamp

to the lensleadsto lessexpensive lens,which in turn reducesthe costof the projector. Also,

this yield morecompactdesigns.Second,the panelsaremountedon the prism which makes

themeasilyshockresistant.Thusthesix axisadjustmentscanbedonein thefactoryto produce

convergence.Oftenthiseliminatestherequirementof providing theuserswith thesecontrols.

However, there are some disadvantages. First, the light hitting the dichroic �lter is not

telecentric.And sincethese�lters aresensitive to angleof incidence,this often givesrise to

left to right color shift. Dueto theunequalpathlengths,additionalrelayand�eld lens(shown

in yellow in Figure2.8)arerequiredin thelongerpathto getsimilar illumination.
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OnePanelSystems

The onepanelsystemsarelessexpensive andnaturallyconvergent. However, thesealsohave some

problems.First, thecostto bepaid is in termsof higherdatarates(for time sequentialoperation)or

higherresolutionpanels(subpixelatedpanelswith threetimesthe resolution). Second,the energy

falling on thepanelis threetimesof that in threepanelsystems.Oftensomepolarizersareunableto

take this stress.Thus,extra thermalloadon thepolarizermay restrictthe lamppower usedin these

projectors.

Therearedifferentkindsof onepanelsystemsdependingonhow thethreecolorsaremanaged.

1. Sub-pixelated: Usually, color micro-�lters areusedbeforethe panel. They have micro-�lter

that producesthe differentcolorsin the subpixel level. Furtherthe light doesnot needto be

recombinedafterthepanel.This removesmany of theexpensive recombinationopticsafterthe

panelalso.However, themagni�cationshouldbekeptlow enoughsothattheeyecannotresolve

thepixelsfor thedifferentcolors.Unableto achieve this createsartifactscalledthejaggies, the

stepwiseapproximatingof thelinesof oneor morecolors.

Figure2.9: Principleof AngularColor Separation in SinglePanelLight ValveProjectors.

2. Angular Color Separation: In thisarchitecture,asshown in Figure2.9,threedichroicmirrors,

separatethe incoming light from the lamp to threeangularlyseparatedbeams. Eachpixel

consistsof threesubpixelsfor thethreecolors.And theangularlyseparatedlight passesthrough
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micro-lenses(onefor eachpixel) whichbringthedifferentcoloredlightsto focusonappropriate

subpixels. This happensbecausethe refractive index of the lens is different for different

wavelengthlights. Thus,thesedo not needthe �lters anduseall the light thusincreasingthe

ef�ciency of thedevice.

Theproblemin this systemis that thedichroicmirrorsneedto bevery �at to avoid distortion

sincethiscaneasilyleadto `cross-talk'within colors.Theanglesof illumination in these�lters

cancreatecolor gradients.Second,themicro lensesalsoneedto beaccuratelymanufactured.

Finally, herealsoweneedlargerpanels.

3. Field Sequential: In thisarchitecture,amotorrotatesacolorwheelandpresentsthered,green

andblue �lters in successionto the lamp. Thusat any time oneof thecolor lights thepanels.

Unlike theotheronepanelsystem,theinformationthatis presentedto thepanelin consecutive

time framesmaybehighly uncorrelated.Thus,theremaybebig changes.To do thesechanges

effectively, oftenaquitetime is requiredbetweensubsequentframeswhich leadsto energy loss

andreductionin lamp ef�ciency. Further, the switching time alsomay posea limitation for

many LCD panels.However, they havebeensuccessfullyusedin DMD systems.

However, one importantpoint to notehereis, someof the recentDLP projectorsusea clear

�lter on thecolor wheelto projectthegrays.Thus,they usea four �lter wheel.With this clear

�lter , theprojectorceasesto behaveasanormalthreeprimarysystem.So,thebasicassumption

that the light projectedat any input is the optical superpositionof the contributionsfrom the

red,greenandblueprimariesis no longervalid. As we will seelater in this thesis,this canbe

a signi�cant problemwhile modelingandcorrectingthecolor variationacrossmulti-projector

displays.

2.5 Multi Projector Displays

As mentionedin Chapter1, thegoalof multi projectoris to producelife sizeandveryhigh resolution

images.The resolutionthat we aretrying to achieve is demonstratedin Figure2.10. For example,

whenwe usethemto displaya twentydollar bill, we canseehigh resolutiondetailsthatareinvisible

evento thenakedeye. In thissectionwewill discussthegeneralsetupof suchmulti projectordisplays

andseveralissuesthereof.
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Figure 2.10: Left: Thetwentydollar bill on a tiled displayat the University of North Carolina at
ChapelHill. Right: Zoomedin to showthatwecanseedetailsinvisibleto thenakedeye.

2.5.1 Front andRearProjectionSystems

Figure2.11: Left: RearProjectionSystemat PrincetonUniversity. Right: FrontProjectionSystemat
Universityof NorthCarolina at ChapelHill.

The tiled displaymay usefront of rearprojection. Figure2.11 shows two examples. There

are advantagesand disadvantagesfor both of them. For rear projectionsystem,an extra spaceis

neededbehindthe screenwhich cannotbe usedfor any otherpurpose.So, thesehave biggerspace

requirement.On theotherhand,in front projectionsystems,theprojectorsarehungfrom theceiling

anddo not needany extra dedicatedspace.But, in this case,it is easyto block the light from the

projector thus creatingshadows on the display as shown in Figure 2.12. Further, the light from

projectorscanblind theusersat times.Thesecondissueis with displayscreens.Usuallysuchdisplays

arebuilt to accommodatemany moving users.So,Lambertianscreensareidealasthey donotamplify

thespatialvariationin color. However, very few rearprojectionscreensareavailablethathave screen

gain of closeto 1:0. So, typically, rearprojectionscreensshow larger luminancevariation. But at
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Figure2.12: Shadowsformedin frontprojectionsystems.

thesametime, thediffusednatureof thefront projectionscreenallows light to spill from onepixel to

another. Thus,rearprojectionscreensproducecrisperpicturesthanfront projectionscreens.

Figure2.13: Of�ce of theFuture: Conceptionat theUniversityof NorthCarolina at ChapelHill.

2.5.2 ProjectorCon�guration

As mentionedin Chapter1, the projectorscan be arrangedin both abutting and overlapping

con�guration. However, it is evident from the previous sectionsof this chapterthat the projectors
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wouldshow considerablebrightnessfall off from centerto thefringes.Thustheabuttingcon�guration

would show severespatialvariation,especiallyfor rearprojectionsystems.Our analysisshows that

this canbeaslargeas20%of thepeakluminance.Theoverlappingcon�gurationnot only alleviates

theproblemof mechanicalrigidity of projectorarrangements,but alsocompensatesfor someof the

radialfall off alongtheprojectorfringesby overlappingprojectorsneartheboundaries.

Figure 2.14: Left: Projection systemswith mirrors on computercontrolled pan tilt units for
recon�gurable displaywalls at the University of North Carolina at ChapelHill. Right: Zoomedin
pictureof a singleprojector.

In fact,for someapplications,eventherestrictionrectangularprojectionor planardisplayscan

be prohibitive. For example,of�ce of the future application,as illustratedin Figure2.13,proposes

theuseof thewalls of everydayof�ce spaceasdisplays.Thus,we would have “pixelseverywhere”

which we canusefor somethingascomplex as3D visualizationandteleconferencingapplicationsor

somethingassimpleasour desktop.TheDepartmentof Energy (DOE) is supportingrecentresearch

directedtowardswhat is calledrecon�gurable displays, wherethe projectorscanbe moved around

to createdifferent typesof displaysbasedon the user's requirements.In suchcases,often mirrors

mountedoncomputercontrolledpantilt unitsareusedto move theprojectorsprojectionareaaround,

asshown in Figure2.14. Thus,we cancreatedisplayswhich do not have projectorsprojectingin

rectangularfashiononly, or onplanardisplaysonly asshown in Figure2.15.

2.5.3 Color Variation

Thecolor variationproblemhasbeenintroducedin Chapter1. In this section,we will provide some

insightsasto how someprojectorcon�gurationsmay alleviate the color variationproblemto some

extent. As evident from the previous sectionsof this chapter, projectorsshow radial spatial fall

off in brightness. This can be accentuatedin rear projectionsystemsby the natureof the display
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Figure 2.15: Top Row: Left: Tiled displaysnot restrictedto rectangulararrays.Right: Tiled display
ona non-planarsurface.(Bothat theUniversityof NorthCarolina at ChapelHill)

screen.Our analysisshows that this fall off canbe as large as60% of the peakluminance. Thus,

overlappingprojectorsacrossthe boundariesalleviate the problemto someextent by compensating

the low luminanceat the fringesby overlappingprojectors.Further, this clearly indicatesthat tiling

projectorsin an abutting fashionnot only leadsto a rigid systembut also a display which shows

severevariationin color. Basedontheseobservations,severalinnovativeprojectorcon�gurationshave

beensuggestedto alleviate this problem. Someof theseincludearrangingprojectorsin honeycomb

fashionor overlappingprojectors.Someof thesehave beeninvestigated[Majumder01] andit would

beinterestingto investigatemoreonsucharrangementsin thefuture.

2.5.4 OverlappingRegions

The overlappingregions in multi-projectordisplaysraiseseveral issueslike what happensto the

brightness,contrastand resolutionin this region? Do we really entera regime wherewe can get

bettercontrast,brightnessand resolutionin the overlap region? Doesthat meanthat we can just

overlapprojectorsandgetbetterdisplays?In this section,for thesake of completeness,we address

theseissuesbrie�y .

Weaddresstheseissuesfrom asignalprocessingpointof view. Let usconsiderasignalP with

maximumatPmax andminimumatPmin . Thebrightness(mean)of thissignalis de�ned as

Pbrightness =
Pmax + Pmin

2
:

Thecontrastof thesignalis de�ned by Michelson'scontrastas

Pcontr ast =
Pmax � Pmin

Pmax + Pmin
:
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Let usnow look at theoverlapregion formedby two suchsignalsP1 andP2. Let thecombined

signalbecalledPc.

Brightness

The brightnessof Pc is the additionof the brightnessof the two separateprojectors. Thuswe get

higherbrightnessin theoverlapregion. In thegeneralcaseof n projectoroverlaps,thebrightnessis

thesumof thebrightnessof all then projectors.

Contrast

However, notethat for contrastthis is not thecase.First, becauseof theblackoffset(Pmin 6= 0), the

projectorsdo not have the ideal contrastof 1:0. Further, contrastis proportionalto the ratio of the

rangeandthe meanof the signal. Thus,if we aredealingwith projectorswith similar contrast,the

contrastin theoverlappingregion will not changesigni�cantly. However, it mayshow slight changes

dependingon thevariationof rangeandbrightnessof theprojectors.

Spatial Resolution

Thenext importantissueis theresolution.It mayseemthatwecanoverlapprojectors,wecanachieve

higherresolutionin this region by usingsuperresolutionimages.Let us investigateif this is really

possible.

Let thesamplingfrequency bef s. Thisde�nestheresolutionatwhichtheimageto beprojected

is sampled.Now, this meansthattheanalogsignalsampledin this imagemustbebandlimited to f s
2 ,

to avoid aliasingeffects.Further, thepoint spreadfunctionof thepixelsof eachprojectorshouldhave

a width of f p = f s
2 in the frequency domainfor faithful reconstruction.If f p is larger(pixels are

sharperin thespatialdomain),somelow frequencieswill show up ashigh frequency. This will lead

to screendoor effect or pixelization. If f p is lower (wider pixels), somehigh frequency will be lost

leadingto blurredpictures.This is whathappensfor a non-overlappedprojector. Let mementionas

a sideremarkhere,thatthis is thereasonwe seeblurredpixelsnearthefringesof projectorssetup in

highly obliquefashion.Thef p is muchlower leadingto losthigh frequencies.

Let usnow consideranoverlapof two projectors.Let usassumethattheanalogsignalis band

limited to f s insteadof f s
2 . This assuresthat theresolutionin theoverlapregion is not limited by the
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frequency contentof thesignalitself. In fact,thisbasicallyassuredthatwearetrying to projectasuper

resolutionimage.

Now let usassumethatthepixelsof thetwo projectorsareoffsetby exactlyhalf apixel. Under

theassumptionthatthecomputerto projectorinterfaceis digital, this increasesthesamplingfrequency

from f s to 2f s. Now, if the point spreadfunction is still f p, while reconstruction,frequenciesonly

till f s will be passedandall the higherfrequenciesgeneratedby the superresolutionimagewill be

discarded.Thus,if we have thesamepoint spreadfunction,having superresolutionwill not increase

theresolution,but at thesametime it cannotreducetheresolutioneither. However, if f p is increased

(pixelsaremadesharper),thenhigherfrequencieswill bepassedleadingto higherresolution.

Figure2.16: Frequencyresponsefor overlappedshiftedcombs.Topleft: Responseof a combof width
T. Others: Responseof a combof width T addedin spacewith a similar combbut shiftedby T/2 (top
left), T/4 (bottomleft) andT/8 (bottomright).

Now let usconsiderthemoregeneralcasewheretheoffset is not exactly half thepixel width.

In this context, let us�rst investigate,why addingup two combfunctions(usedto sampletheanalog

image)shiftedby anamountwhich is half thewidth betweenthecombs,resultsin a combof higher

frequency in thefrequency domain(i.e. highersamplingfrequency)? Let thewidth betweenthecombs
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be T. Therefore,the width of correspondingfrequency domaincombis 1=T. What happensin the

spatialdomainwhenweaddtwo signalsis interference.If theoriginalsignalhasafrequency spectrum

of A(f ), thesignalobtainedby addingthesamesignalshiftedby s to it givesa frequency spectrum

B (f )

B (f ) = 2A(f )cos2� f s

wheref = 1
T .

Now notethatfor a comb(Figure2.16),thespectrumis de�ned for only f = n
T wheren is an

integer. Now, whens = T
2 (theshift is half thepixel width) B (f ) becomeszeroat oddn. Thusthe

samplingfrequency doubles.But for amoregeneralT, insteadof all theoddfrequenciesdisappearing

completely, somefrequenciesgetmodulatedwhile othersdisappear. This is illustratedin Figure2.16.

For example,for s = T=4, 4n + 2 frequenciesdisappear, while all theoddfrequenciesaremultiplied

by
p

2. In thatcase,having thesamef p = f s
2 canresultin two effects.

1. If thefrequency componentfor n = 1 is absent(only happenswhenshift is T
2 ), thenwe would

get thesameresolutionastheoverlaps,but ampli�ed. This is thespecialcaseof whenthetwo

projectorsoverlapatanoffsetof half thepixel. However, in thiscase,asmentionedbefore,if we

make f p higher, wecangethigherresolution.Notethatthismeansthatwewill seepixelization

in thenon-overlapregion.

2. If the frequency componentfor n = 1 is modulateddueto spatialinterference,we would see

aliasing,thoughwe will not loseresolution.So, in orderto avoid aliasing,we shouldnot use

supersampling.

In summary, we canusesuperresolutiononly if thepixelsareoffsetby exactly half thepixel

width andthe reconstructionkernel is narrowed by half. For all othercases,superresolutionis not

achievable.In fact,it candegradeimagequalityby introducingaliasingartifacts.

Color Resolution

For eachchannelof theprojector, theintensityresolutionis de�nedasintensityperunit level. Sofor a

singleprojectordisplaywith n discretelevels(n is usually256for 8 bit projectordepths),theintensity

resolutioncanbede�ned asbrightnessperunit level,

Pr es =
Pbrightness

n
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Hereis theproofof thehigherintensityresolutionachievedfrom aCGOdisplay. Assumethatwehave

two projectorsP1 andP2, with samenumberof levels for eachchannel,n, makingup theCGO.For

simplicity, let usassumethatprojectorshave linearresponseof luminance.Further, let theprojectors

have the black andwhite levels asI 1(0) = L 1; I 2(0) = L 2 andI 1(n � 1) = H1; I 2(n � 1) = H2

respectively. For any otherinput k, (0 � k � n � 1), becauseof thelinearresponse,I (k) = L + sk,

wheres is theslopeof thelinearresponse.Thusfor a two projectoroverlap,

I c(i; j ) = I 1(i ) + I 2(j ):

Rearrangingtheterms,weget

I c(i; j ) = L 1 + L 2 + s1(i + j r )

, wherer = s2
s1

. Clearly the numberof unique,discretelevels, I c cantake is the numberof unique

valuesk = i + j r , 0 � i; j � n � 1 cantake. It canbeprovedthat(2n � 1) � nCGO � n2. Similar

calculationscanbe donefor the threedifferentchannelsof color projectorsandfor morethantwo

projectors.Thusthenumberof levels for a CGOwith m projectorscanbeminimumof O(nm) and

maximumof O(nm ). But notethat, thebrightnessalsomultiplies. So, theminimumresolutioncan

be identical to the non-overlappingcasewhenthe numberof levels is O(nm) andcango up if the

slopeof thechannelresponsesaredifferent.This saysthatif we useprojectorswith differentchannel

gammafunctions,we canhave somehigherchannelintensityresolutionandthereforehighercolor

resolution,but wedonot loseany color resolutionby having projectorswith samegammafunctions.
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CHAPTER3

Perception

Theendusersof theselargehigh resolutiondisplaysarehumans.In orderto succeedin makingthe

humansusethesedisplayseffectively needto know aboutthe capabilitiesandlimitations of human

vision. Thiswill helpusin two ways.

1. It will help us de�ne the minimal requirementsof suchdisplaysin termsof propertieslike

resolution,brightnessandso on. Thus,we canbuild costeffective display. Note that we are

dealingwith expensive resourcesandbuilding displayswith superoptimal capabilitieswould

only increasethetotal costof thesystemthusmakingthemcostprohibitive.

2. Sometimesknowing the limitations of humanvisual systemcan help us solve for certain

problemseasily. For example,we mentionedin Chapter1 thata perceptualuniformity instead

of coloruniformity canachievedisplayswith higherdynamicrange.

In this chapter, we discussbrie�y thehumanvisualsystemanda few relevantvisualcapabilitiesand

phenomena.Theseareselectiverelevantmaterialcompiledfrom variousreferenceslike[Goldstein01,

Valois90,Chorley81]. Thenwestudytheimpactof thesevisuallimitationsandcapabilitiesin several

processesandchoicesmadewhile building tiled displays.

3.1 Perception

Beforedescribingthe humanvisual system,we will brie�y visit the basiclaws of perception.The

differencethresholdis thesmallestamountof differencebetweentwo stimuli thatahumancandetect.

Weberlaw saysthat the ratio of the differencethresholdandthe intensitystimuli is constant.This

thresholdis dependenton many factorslike distancefrom thestimuli, ambientlight etc,andusually

variesbetween1 � 10%.



Startingfrom this point,Fechnershowedthatthemagnitudeof theperceivedsensationis often

not linearly relatedwith themagnitudeof thestimulus.Later, Stevenprovedthatthesetwo arerelated

by apower function.This is Steven'sPowerLawandis givenby

PerceivedSensation = K (Stimul us) 


This is true for humanperceptionof luminance. If 
 < 1:0, then the changeis responseis more

rapidthanthechangein stimulus.Suchresponsesareexpansive. For example,humanresponseto an

electricshockstimuli is expansive. On theotherhand,if 
 > 1:0, thenthechangein responseis less

rapid thanthechangein stimuli. Theseresponsesarecompressive. For example,theresponseof the

humaneye to intensityof light is compressive.

3.2 Human Visual System

Figure3.1: TheHumanEye.

Thehumanvisualsystemcomprisesthesensoreye andtheregionsof thebrain,namelylateral

geniculatenucleus,striatecortex andextra cortex regions.Figure3.1shows theeye. Thelight enters

theeyethroughthecorneaandthelens.Thesetwo actasthefocusingelementsof theeye. Thelight is

focussedontheretina,whichlinesthebackin eyeandis enrichedwith sensorsandretina.Thesensors

areactivatedwhenlight falls on the retina. Thesetriggerelectricalsignalswhich then�o w through

theneuronsto thedifferentregionsof thebrainwhereit is decodedandinterpreted.

The iris musclesthat attach the lens to the corneaare responsiblefor what is called the

accommodation. Whenthe eye is focusedat differentdepthsthesemuscleslengthenor shortenthe
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lens,letting theeye to focusat differentdistances.Thus,thesemuscleshelp theeye to actasa lens

with variablefocal length.However, theeye fails to focusbeyondandbeforeacertaindistancewhich

arecalledthedepthof focusandthenearpointof theeye respectively.

Figure3.2: Thedistributionof thesensorson theretina.Theeyeon theleft indicatesthelocationsof
theretinain degreesrelativeto thefovea.Thisis repeatedasthex axisof thechart on theright.

Theretinacontainstwo typesof sensorsdistributedin it, rodsandthecones. Thesesensorsare

connectedto cellsin theretinacalledtheganglions.Theganglioncell �bers join togetherto form the

opticnerve. Theplacewheretheopticnerve leavestheretinais devoid of any sensorsandis calledthe

blind spot. Thereis oneareaontheretinathatcontainsonly thecones.This is calledthefovea. Figure

3.2 shows thedistribution of thesensorson theretina. Thereareabout120million rodsbut they are

distributedmostlyin theperipheryof theeye. Theconesareabout5 million in numberandaremostly

concentratednearthefovea.Theconesresponseto differentwavelengthsof light while rodsresponse

to brightnessof light. Thus,conesareresponsiblefor colorvisionandrodsaresensitive to brightness.

3.3 Visual Limitations and Capabilities

In this sectionwe will seehow thenatureof thesensorsandtheir distribution explain differentvisual

limitationsandcapabilitiesthatweexplain in everydaylife.

3.3.1 Luminanceandchrominancesensitivity

Justby the sheernumberof the rods,it is evident that the eye is muchmoresensitive to luminance

thanto chrominance.In fact,severalstudiesshow thattheeye is at leastanorderof magnitudemore
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sensitiveto luminancethanto chrominance.Thisobservationhasbeenusedto advantagein thedesign

of analogcolor televisionstandardsanddigital imagecompressionalgorithmslikeJPEGandMPEG.

3.3.2 Lower Color Acuity in PeripheralVision

Sinceconesaresparselydistributedontheperipheralanddenseonly atthefovea,ourperipheralvision

is mostlyblackandwhitewith very low colorsensitivity.

3.3.3 Lower Color Acuity in Dark

Therearea limited numberof ganglioncells in theeye. Thesecellstriggeronly if thestrengthof the

stimulusis greaterthana threshold.Sincerodsarealmost25 timesmorein numberthanthecones,

thenumberof rodsattachedto a ganglioncell is muchhigherthanthenumberof cones.Thenumber

of sensorsattachedwith asingleganglioncell is calledits convergence.Justtheby thevirtueof large

numbers,theconvergenceof the rodsaremuchhigherthanthecones.At night, eachof thesensors

receivevery low light i.e. very low stimulus.But sincetheconvergenceof therodsis high,thesumof

thestimulusconverging on a ganglionfrom therodscanmake it go beyondthethresholdandtrigger

the ganglion. However, dueto the low convergenceof the cones,they do not succeedto trigger the

ganglionsat suchlow intensityof thestimulus.

3.3.4 Lower Resolutionin Dark

Thesensitivity of theeyereducesin thedarkalsodueto thesamereason.Wedetectaspatialresolution

whentwo differentganglioncellsareexcited. Dueto thehigherconvergenceof therods,evenwhen

differentrod sensorsareexcited,it maymeanthatonly oneganglioncell is triggered.However, due

to low convergenceof thecones,triggeringa few conesis suf�cient to triggermany ganglions.Since

at dark,thestimuluson theconescannotmeetthethresholdrequiredto triggertheganglioncells,we

donotseehigh resolutionin dark.

3.3.5 Lateral Inhibition

Whena stimulusis imagedon theeye, it affectsa region of theretinacalledthereceptive�elds. All

the ganglionsin the receptive �eld of the retinaareaffectedby the stimulus. However, it hasbeen

foundthatall theganglionsarenotaffectedsimilarly. Theganglionsnearthecenterareexcitedwhile
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theonesin theperipheryareinhibited.Thisphenomenonof excitatorycenterandinhibitory surround

is calledlateralinhibition andcreatesmany visualartifacts.

Figure3.3: Left: Mach BandEffect.Right: SchematicExplanation.

The mostcommoneffect is calledmach bands. The left pictureof Figure3.3 illustratesthe

effect. Theimagecontainseightstepsof theblue. Noticehow thecolor in eachof theeightstepsof

blueappearsto changeatthetransition,beingdarkerontheleft andbrighterontheright. But, thecolor

is in reality the samefor eachstep. The right pictureillustratesthe effect schematically. Whenever

we arepresentedwith a steepgradientasshown by theblack line, we actuallyseethered line. This

canbeexplainedby thelateralinhibition phenomenon.Let usassumethattheedgehasbrightercolor

on theright anddarker color on the left. For theregion just to the left of theedge,a large inhibitory

responsefrom theright brighterregion makesit darker. On theotherhand,theregion just to theright

of theedgereceiveslesserinhibition dueto thedarksurroundgiving thebrighterregion.

3.3.6 SpatialFrequencySensitivity

The densityof the sensorson the retinaand their convergenceon the ganglioncells also limit the

humancapability to detectspatial frequency. In fact, our eyes act as band pass�lters passing

frequenciesbetween2 � 60 cycles per degreeof anglesubtendedto the eye. But, we can barely

detectfrequenciesabove 30 cyclesperdegree.So,for all practicalpurposes,thecut off frequency is

oftenconsideredas30cyclesperdegree.

And asexpected,thisbandbecomesnarrowerandnarrowerasthebrightnessdecreases.And in

darkwe arelimited to very low resolutionvision asmentionedearlier. In fact,it is interestingto note

thatthroughtheevolution processdifferentanimalshave developedeyeswhich actsasdifferentband

pass�lters dependingon their requirements.For example,a falconneedsto detectits prey from high

up in thesky. Soa falcon'seyecandetectspatialfrequenciesbetween5 � 80cyclesperdegree.
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3.3.7 ContrastSensitivityFunction

Figure3.4: TheContrastSensitiveFunctionfor HumanEye.

In fact,we needsignalsto have a minimumcontrastto deciphertheir spatialfrequency. This is

calledthecontrastthreshold. This thresholdchangesdependingonthespatialfrequency. Thecontrast

sensitivity function is shown in Figure3.4. Usually, thecontrastsensitivity of humansincreasewith

frequency till it reachesa peakand then startsto fall down being almostzero after 60 cycles per

degree. This implies that the humanvisual systemis not sensitive to smoothluminancechanges.

The sensitivity increaseswith moderapid changesandfor very rapid changesthe sensitivity again

decreases.

However, the contrastsensitivity decreaseswith lower brightness.This meansthat we need

morecontrasttodetectdifferentspatialfrequency atlowerbrightness.Also,asexpected,themaximum

spatialfrequency wecandetectreduces.And thefrequency atwhich it reachesapeakkeepsreducing

with decreasingbrightness.Notethatatverylow brightnessthecurvealmostdecreasesmonotonically.

Also, it hasbeenshowedthatourcontrastsensitivity is alsodependenton theorientationof the

signal.Wearemaximumsensitive to horizontalor verticalsignalsandthecontrastsensitivity is lesser

for otherobliqueangles.
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3.4 Relationship to Tiled Displays

Now thatwehave introducedthedifferentcapabilitiesandlimitations,hereareafew instancesof how

wecanusethisknowledgewhile building tiled displays.

3.4.1 Resolution

Tiled displaysarebuilt with thegoalof providing theuserswith a extremelyhigh resolutiondisplay.

Now the questionis, how muchresolutiondo we really need?Our knowledgeof visual system(as

presentedin theprecedingsection)will answerthisquestioneasily.

Humanscanseea maximumof 30 cycles/degree. Thusfor a personat distanced ft from the

screen,thedistanceof thescreenthatsubtendsanangleof onedegreeoneyeis givenby theproductof

thedistance(in inches)andtheangle(in radians),which is 12d� =180inches.To matchthemaximum

humansensitivity, aspertheNyquistsamplingcondition,weshouldhave60pixelsin thisdimension.

Hencetherequiredresolutionr in pixels/inchshouldsatisfy

r >
60

12d�
180

>
286
d

Theplot of d vs r is shown in Figure3.5. Also, notethatthis is theminimumrequirementfor spatial

frequency in horizontalandverticaldirections.Ourspatialfrequency sensitivitiesarelowerfor oblique

directionsandhencewewill requirelessresolutionthatgivenby Figure3.5.So,Thoughtheoretically,

we may needin�nite resolution(for d = 0), for all practicalpurposes,a maximumresolutionof

500� 600pixels/inchshouldbesuf�cient.

3.4.2 Black Offset

Note that we found that we needhigher contrastat lower brightnessto detectdifferent spatial

frequency. Also notethatwith blackoffset,thecontrastof thesignalreducesmoreasthebrightnessof

thesignaldecreases.So,perceptuallyblackoffsetreducescontrastfor thesignalsfor whichwewould

needmorecontrast.

3.4.3 SpatialLuminanceVariation

From contrastsensitive function, we know that we are not very sensitive to gradual luminance

variation.Fromthis factandtheWeberlaw, aquantitativemeasureof theamountof spatialluminance

variationwe cantoleratehasbeendetermined[Lloyd02]. We cantoleratea luminancevariationof
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Figure 3.5: Left: Thisshowstheplot of thedistanceof theviewer fromthescreend vstheminimum
resolutionr requiredbya display

� = 10 � 15% per degreeof the eye. Therefore,given a resolutionof r pixels/inchandthe viewer

distanceof d ft, wecantoleratea luminancevariationof �
d� �

180 � r perpixel.

3.4.4 Visual Acuity

Due to the muchhigherconcentrationof the rodsin the foveathanin the periphery, we have much

highervisualacuitynearthefoveathanin theperiphery. Thus,reducingtheresolutionin theperipheral

visual �eld of a tracked user may simplify the image generationwithout any degradationin the

perceived imagequality, especiallywhentheuseris at a distanceandthedisplaycoversa large�eld

of view. In fact, this increasedresolutionin the foveahasthe perceptionof increasingthe overall

contrastof thedisplayandis calledthepunch effect. This effect is utilized in many CRT projectors.

Theresolutionat thepixelsof CRT projectorsoftendegradedueto severalopticaleffects. However,

this beingin the peripheralvision, goesunnoticed.But the puncheffect thuscreatedis usedto the

CRTsadvantage.

3.4.5 Flicker

It hasbeenshown that the �ick er we cantoleratedependsuponthebrightnessof the image.We are

moresensitive to �ick er at higherbrightness,especiallyin a dark room settings.Hence,we needa

higherrefreshratesat higherbrightness.In fact, this guidesthe refreshratewe needto have asour
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displaysbecomebrighterandbrighter. However, this is morerelevantfor emissiveprojectiondevices,

suchasCRTs.

Thesearea few wayswe canusethe limitations andcapabilitiesof humanvisual systemto

build displaysandoptimizetheirperformances.
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CHAPTER4

Color Variation in Multi-Pr ojector Displays

Thecolorof multi-projectordisplaysshowssigni�cant spatialvariationwhichcanbeverydistracting,

thus breaking the illusion of having a single display. The variation can be causedby device

dependentreasonslike intra-projector color variation (color variation within a single projector)

and inter-projector color variation (color variation acrossdifferent projectors)or by other device

independentreasonslike non-Lambertianand curved display surface, inter-re�ection and so on

[Majumder00, Stone1a,Stone1b]. Further, deliberatealignmentof projectorsin an overlapping

fashionintroducessigni�cant luminancevariation.

We de�ne a simpleparametricspaceto studythe color variationof multi-projectordisplays.

The parametersarespace,time and input. Given a �x ed input and time, the natureof the change

of color over spacecharacterizesspatialcolor variation characteristics.Similarly, given the same

pixel locationandinput,thechangein colorwith timede�nestemporalcolorvariationcharacteristics.

Finally, for the samepixel locationandtime, the color responsewith changinginput de�nes input

responsecharacteristics.We analyzethe intra andinter projectorcolor variationsfor multi-projector

displaysandshow thatmulti-projectordisplaysaredifferentfrom traditionaldisplaysin many ways

andhenceassumptionsthatcanbesafelymadeaboutotherdisplaydevicescannotbemadefor these

displays.

Next, we identify thedifferentdevice dependentparametersof a projectorthatcancausecolor

variationin amulti-projectordisplaylikeposition,orientation,zoom,lampageandprojectorcontrols

such as brightness,contrastand white balance. We analyzethe effects of the changes in these

parameterson the color variationand provide insightsto the possiblereasonsfor thesevariations.

Therehasbeensomework on characterizingspeci�cally the3D color spacesof bothLCD andDLP

projectors[Stone1a,Stone1b]. Ourstudyin thischaptercomplementsthiswork.



Fromtheseanalysiswe make thekey observationthat themostsigni�cant causeof thespatial

variationin color of a multi-projectordisplayis the variationin luminance.Most tiled displaysare

madeof multipleprojectorsof thesamemakeandmodelthatvarynegligibly in chrominance.

However, beforewedelvedeepinto thestudyof thepropertyof thecolorvariation,wepresent

1. Thedetailsof themeasurementprocess,instrumentsandotherextraneousfactorsthatmayhave

aneffectonouranalysis.

2. Ournotationfor describingcolorandsomepropertiesof idealdisplaysbasedon thisnotation.

4.1 Measurement

As testprojectorsfor our experiments,we usedmultiple Sharp,NEC, Nview, ProximaandEpson

projectors(both LCD and DLP) and both front and back projection systems. We usedat least

3 � 4 projectorsof eachmodel. The graphsandchartswe presentareonly samplesof the results

achievedfrom differentkindsof projectors.Since,similar resultswereachievedfrom differentkinds

of projectorsconsistently, theseresultsarerepresentativeof generalprojectorcharacteristics.

4.1.1 MeasuringDevices

The goal of the processof measurementis to �nd the luminanceandthe chrominancepropertiesat

differentpointsof the tiled displayaccurately. Therearetwo optionsfor theopticalsensorsthatone

mightusefor thispurpose.

Spectroradiometeris anexpensiveprecision-instrumentthatcanmeasureany colorprojectedby

the projectoraccuratelyenablingus to work in a laboratory-calibrateddevice-independent3D color

space.But, it canmeasureonly onepoint at a time at a very slow rateof about1 � 20 secondsper

measurement.Further, it would be dif�cult to measurethe responseof every pixel separatelyat a

reasonablegeometricaccuracy. Thus,it is unsuitablefor acquiringhigh resolutiondata.

A color camera, on the other hand, is relatively inexpensive and is suitablefor acquiring

high resolutiondatain a very short time. Therearemany existing algorithmsto �nd the geometric

correspondencebetweenthe cameracoordinatesand the projectorcoordinatesassuringgeometric

accuracy of thedataacquired.But, thelimitationslie in its relativephotometricinaccuracy.

With theseoptionsin hand,weusedbothtypesof sensors,but for differentpurposes.For point

measurements,we useda precisionspectroradiometer(PhotoResearchPR715). But, for �nding the
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spatialcolor/luminancevariationacrossaprojector, whereweneedto measurethecoloratpotentially

every pixel of a projector, we use a high resolutiondigital camera. To reducethe photometric

inaccuraciesof thecameraby a reasonableamountweusethefollowing methods.

UsingCamera asReliableMeasuringDevice: Thenon-linearityof thecamerais recoveredusingthe

algorithmpresentedin [Debevec97]. Fromthis we generatea color look-up-tablethat linearizesthe

cameraresponse.Everypicturefrom thecamerais linearizedusingthiscolor look-up-table.

It is importantthat the cameradoesnot introduceadditionalspatialvariation than is already

presenton the displaywall. Hence,the cameramustproduce�at �elds whenit is measuringa �at

color. It is mentionedin [Debevec97]thatmostcamerassatisfythispropertyat loweraperturesettings,

especiallybelow F 8. Our camera(Fuji�lm MX 2900)showed a standarddeviation of 2 � 3% for

�at �eld images.These�at �eld imagesweregeneratedby takingpicturesof nearly-diffusedplanar

surfacesilluminatedby astudiolight with adiffusion�lter mountedon it.

To assurethat a cameraimage is not underor over exposedwe run simple underor over

saturationtests.Thedifferingexposuresareaccountedfor by appropriatescalingfactors[Debevec97].

Finally, to assuregeometricaccuracy of the measurements,we usea geometriccalibration

method[Hereld02]to �nd accuratecamerato projectorcorrespondence.

Wecannotmeasureall thecolorsprojectedby theprojector, if the3D colorspaceof thecamera

doesnot containthespaceof theprojector, thusrestrictingusto work in a device dependent3D color

space.However, we do not usethecamerafor any chrominancemeasurements,but only luminance

measurements.So,thisdoesnotposeaproblem.

4.1.2 ScreenMaterial andViewDependency

For experimentson front projectionsystemswe usea closeto Lambertianscreenthatdo not amplify

thecolor variations.But theJenmarscreenwe usefor our backprojectionsystemis not Lambertian.

Thus,themeasuringdevicesaresensitivetoviewingangles.In caseof thespectroradiometer, weorient

it perpendicularto thepoint that is beingmeasured.But for thecamera,theview dependency cannot

be eliminated. However, we usethe camerafor qualitative analysisof the natureof the luminance

variationin a singleprojector. Sincewe arenot trying to generateanaccuratequantitative modelof

thevariation,theview dependency is not critical.
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4.1.3 AmbientLight

We try to reduceambientlight seenby the sensorsasmuchaspossibleby taking the readingsin a

darkroomturningoff all lights. Whentakingthemeasurementof a projector, we turn off all adjacent

projectors. Further, we useblack materialto cover up the white walls of the room to avoid inter-

re�ectedlight.

4.2 Our Notation

Thereareseveral representationsof color aspresentedin AppendixA. Pleaserefer to this section

for an in-depthtreatiseon color andits measurement.Basedon this, we usethe following notation

of color for this thesis. A color K at a point is measuredby the tuple (L; C). L = lum(K ) is the

luminanceor amountof light falling at thepoint measuredin cd=m2 (asde�ned in SectionA.1), and

C = chr(K ) is thechrominancede�ned by thechromaticitycoordinatestupleC = (x; y) (asde�ned

in sectionA.2.6).

4.2.1 Color Operators

Addition: Theopticalsuperpositionof two colorsK 1 = (L 1; C1) andK 2 = (L 2; C2) is de�ned as

K = (L; C) = K 1 � K 2, where

L =
2X

i =1

L i ; C =
P 2

i=1 L i Ci

L
:

Notethat� is bothcommutativeandassociative. This is consistentwith thede�nition in theprevious

section,sincetheproportionof eachcolor is givenby L i =L.

Luminance Scaling: The luminancescalingof a color K 1 = (L 1; C1) by a scalark is de�ned as

K = (L; C) = k 
 K 1, where

L = kL 1; C = C1:

Notethat
 doesnotchangethechrominanceof acoloranddistributesover � .

Observation: If K 1 = (L 1; C1), K 2 = (L 2; C2) andC1 = C2 thenthe chrominanceC of K =

K 1 � K 2 is thesameasC1.
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4.2.2 Ideal Displays

All displaysproducecolor by usingthreeprimaries. Thesethreecolors(e.g. R,G,B) andthe input

pathsfor theseprimariesarecalledchannels,l 2 f r; g; bg. The input for eachprimary hasa range

from 0:0 to 1:0. Let the colors projectedby the display for the input of 1:0 at eachchannel(and

0:0 in othertwo channels)be(L R ; xR ; yR ),(L G; xG; yG) and(L B ; xB ; yB ) respectively. Thetriangle

formedby the chromaticitycoordinatesof theseprimariesis calledthe color gamutof the display.

Thus,colorgamutis independentof theluminanceL .

As mentionedbefore,sincethe gamut of the display (the triangle madeby the coordinates

(xR ; yR ), (xG; yG) and (xB ; yB ) in the chromaticity diagram) is always a subsetof the CIE

chromaticityspacede�ned by the imaginaryprimaries,a realdisplaycannever produceall possible

colors. Also, notice that the position of the threeprimariesin the chromaticitydiagramis away

from the boundaryof the visual spectrum,which saysthat they arenot monochromaticlight. Each

phosphorproducesa bandof wavelengthandasa resultproducesa color that is lesssaturatedthan

themonochromaticcolor of thesamehue.However, therealprimariesmustbechosensuchthatthey

areindependent. Independentmeansthatnoneof theprimariescanbereproducedby a combination

of two other primaries. Or in other words, the threeprimariescannotlie on a straightline in the

chromaticitydiagram.

Ideally, it is desirableto have a displaywheregiven the propertiesof the primaries,onecan

predict, using simple formulae, the propertiesof any color producedby the combinationof the

primaries.Thisbecomeseasyif thedisplaysatis�esthefollowing properties.

1. ChannelIndependence:This assumesthat thelight projectedfrom onechannelis independent

of theothertwo. Thus,this indicatesthatlight from otherchannelsshouldnot interferewith the

light projectedfrom achannel.

2. ChannelConstancy:This assumesthatonly luminancechangeswith changingchannelinputs.

For input0:0 � r � 1:0, thechromaticitycoordinates(x r ; yr ) of r areconstantat (xR ; yR ) and

only theluminanceL r changes.

3. SpatialHomogeneity:Theresponseof all thepixelsof thedisplayis identicalfor any input.

4. Temporal Stability: Theresponsefor any input at any pixel of thedisplaydoesnot changewith

time.
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The propertyof optical superpositionstatesthat light falling at the samephysical location

from differentsourcesaddsup. Thepropertiesof channelconstancy, channelindependence,optical

superpositionalongwith theassumptionthatwith an input of (0; 0; 0) thedisplayoutputszerolight

indicatesthat the color projectedat a pixel is a linear combinationof the color projectedby the

maximumvaluesof thered,greenandbluechannelsalonewhenthevaluesof theothertwo channels

aresetto zero.Hence,for any inputc = (r; g; b), 0:0 � r; g; b � 1:0, theluminanceandchrominance

of c is givenby � as

L c = L r + L g + L b

(xc; yc) =
L r

L c
(xR ; yR ) +

L g

L c
(xG; yG) +

L b

L c
(xB ; yB ):

This is referredto asthelinear combinationproperty.

Giventhelinearcombination,thespatialhomogeneity, andthetemporalstability property, we

canpredictthecolor at any pixel at any input from theresponseof theprimariesat any onepixel of

thedisplay. Most traditionaldisplaydeviceslikeCRT monitorssatisfythesepropertiesto areasonable

accuracy or the deviation from this ideal behavior is simpleenoughto be modeledby simplelinear

mathematicalfunctions[D.H.Brainard89].However, wewill seein thischapter, aprojectoris notsuch

anidealdevice.

In the next few sectionswe study the intra and inter-projector color propertiesfrom the

measurementstakenusingaspectroradiometeror acamera.

4.3 Intra-Pr ojector Variation

In this section,we studythe intra-projectorvariations.In theprocesswe show that theprojectorsdo

not follow thedesirablepropertiesmentionedabove.

4.3.1 Input Variation

One important consequenceof a display to satisfy channel independenceand channel constancy

propertyis thattheresponsefor black(inputof (0; 0; 0)) shouldhavezerolight. Howeverin projectors,

becauseof leakagelight, somelight is projectedeven for black. This is called the black offset.

Hencethe chromaticityfor any channelat zerois the chromaticityof this achromaticblack. As the

inputsincrease,thechromaticityreachesa constantvalueasit shouldfor a device following channel

constancy. This is demonstratedin Figure4.1.Thecontoursshown in Figure4.2showshow thegamut
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startsout asa singlepoint for 0 in all the threechannelsandthenattainsthe �nal red triangleat the

highestinput value. However, if this black offset is subtractedfrom the responseof all inputs, the

chromaticitycoordinatecurvesfor thethreechannels(shown with thedottedlines in right pictureof

Figure4.1)will beconstant[Stone1a,Stone1b].

From the variousmeasurementswe hadfrom the spectroradiometer, we found that this black

offsetcanbeup to 2% of themaximumluminanceprojectedperchannel.However, this candeviate

considerablyacrossdifferentprojectors.We studiedtheblackoffsetof �fteen samebrandprojectors

with similar controlsettings.They showeda relativestandarddeviationof about25%.

If the black offset is accountedfor by the linear offset term, almostall projectorsexhibit the

linear combinationproperty. However, someDLP projectorsdo not exhibit the linear combination

propertyfor thegrays.We foundthat in DLP projectorswith a four-segmentcolor wheelthata clear

�lter elementisusedtoenhancethecontrastof graysbeyondthatachievablewith asimplecombination

of red,greenandblue�lter channels.This differenceis illustratedin Figure4.2. Theeffect hasbeen

modeledin [Stone1a]by anadditivegamutwith anextrusionat thewhitepoint.

It hasbeenshown before that the CRT monitorshave a per channelnon-linearluminance

responsewhich resemblesa power function [Berns92b, Berns92a,D.H.Brainard89]. This assures

a monotonicnatureof the response.Unlike this, we found that projectorstypically have S-shaped

non-monotonicresponseasshown in Figure4.1and4.6 (for two channelsof a projector).Theblack

offset is characteristicof projectorswith light blockingtechnologieslike liquid crystaldevice (LCD)

or digital micro mirror (DMD). Projectorsusingcathoderay tubetechnologydo not show theblack

offsetproblemto aperceptibleextent.Following aresomeof thereasonsfor theblackoffset.

1. For projectorsin 'drivento black' mode,theblackoffsetcanbeeasilycontrolledto bevery low

by increasingthe appliedvoltageto the LCD. However, for projectorswith `driven to white'

modetheamountof light leakingout for blackcannotbecontrolledby increasingthevoltage.

Hence,theseprojectorscanhavehighblackoffsetsleadingto poorcontrast.

2. The Schlierenlens used in polymer dispersedliquid crystal (PDLC) devices often cannot

separatethe polarizedandthe unpolarizedlight well andcanpassunpolarizedlight at black,

thusreducingcontrast.

3. In DMD devices, the light that is re�ected by the mirrors in their off positionsneedsto be

well absorbed.Theeliminationof this light is oftennot perfect. Further, interre�ectionsmay
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happenoff the mirrors. Further, light may alsobe re�ected from the structureson which the

micro-mirrorsaremounted.All thesemayleadto largeblackoffsetandthuslowercontrast.

4.3.2 SpatialVariation
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location.Theresponsesaresimilar for otherchannels.

Projectorsarenotspatiallyhomogeneouseither. Accurateluminanceandchrominancereadings

weretakenat �ve equallyspacedlocationson theprojectordiagonalusingthespectroradiometer. We

namedtheselocationsfrom 1 to 5 startingatthetopleft cornerposition.Theluminancereachesapeak

at thecenter(location3) asseenin Figure4.3.Theluminancefallsoff at thefringesby a factorwhich

maybeashigh as80%of thepeakluminanceat thecenterfor therearprojectionsystems,andabout

50% for front projectionsystem.This considerablefall-off in luminanceindicatesthat having wide

overlapsbetweenprojectorsin a multi-projectordisplaycanhelp us to get a betteroverall dynamic

range.

Further, the importantthing to note hereis that only the luminancechangesspatially while

the color gamut remainsalmost identical as shown in Figure 4.4. The gamut is measuredfrom

the chromaticitycoordinatesof the primariesat their highestintensities. We measuredthe input

chromaticityresponseat different spatial locationsand found that the gamut varies little spatially

for thewholerangeof inputs.Figure4.5showsthespatialvariationof thechromaticitycoordinatesof

greento illustratethis. Notethattheboththechromaticitycoordinatesx andy arespatiallyconstant.
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Given theseobservations from the spectroradiometermeasurements,we useda camerato

measurethe intra-projectorspatial luminancevariation at a much higher resolution. The readings

aretakenby carefullyaligningthecameraperpendicularto thescreen.Theluminanceresponseshows

a peaksomewherenearthe centerand then falls off radially towardsthe fringes in an asymmetric

fashion. Finally, the patternof this fall-off variesfrom projectorto projector. Figure4.4 shows the

luminancevariationacrossasingleprojector's �eld of view for input (1; 0; 0).

Another importantobservation is the normalizedper channelnon-linearluminanceresponse

remainsconstantspatially. This indicatesthat the shapeof the luminancefall off is similar for all

inputsof a channel. Hence,the shapeof the non-linearityresponsedoesnot change,but only the

rangechanges.

1. Physicalreasonsfor luminancevariation: Thespatialfall off in luminancein projectorscanbe

dueto following reasonswhicharenotdependenton theprojectiontechnology[Stupp99].

(a) The spatial fall off also dependson the distanceattenuationof light. This distance

attenuationdependson the throw ratio of the projectors.The higherthe throw ratio, the

lower is thedistanceattenuationof light. Usuallyfor rearprojectionsystems,smallthrow

ratioprojectorsareusedto reducethespacerequiredbehindthescreen.Hence,they often

show higherluminancefall off at thefringes.

(b) Theopticalelementswithin theprojectorlike theintegratorsandothersresultin a certain

degreeof vignettingor non-uniform�eld brightness.

(c) As illustratedin Section4.4,non-othogonalalignmentof theprojectorwith respectto the

displaysurfaceproducesbothanopticaldistortion(keystoning)andaresultantgradientin

�ux density.

(d) Thenon-Lambertiannatureof thedisplaymakestheluminancevariationmoreacute.The

asymmetryin thefall-off patterngetspronouncedwith off-axis projection,aswe will see

in the following sections.This indicatesthat the orientationof the projectoris partially

responsiblefor thisasymmetry.

The technologydependentspatial luminancefall off in CRT projectorsmay be due to the

following reasons[Stupp99].
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(a) Whenthe light is incidentat larger anglesof the faceplate, total internal re�ection can

result in somelight getting trappedin the glassandhencelesslight comingout of the

system.Thisgiveslower luminanceat thefringes.

(b) If thelight collectorsare�at, light is lost at thefringes.Usually, they aremadeconvex at

theexpenseof having moreexpensiveopticsto avoid this lossof light at thefringes

Thetechnologydependentspatialluminancefall off in light valve projectorsmaybedueto the

following reasons.

(a) The amountof light re�ected by the glasssubstrateon which the �lters aremountedis

usually a function of angleof incidence. It is 4% at normal incidenceand becoming

100% after the critical anglefor total internal re�ection. This changesthe amountof

light transmittedfor both telecentricandnon-telecentricsystemsthus leadingto spatial

luminancefall off at higherangles. This may causethe asymmetryin fall-off for non-

telecentricsystems.As asolution,oftenthegradientis built into the�lter .

(b) At veryhightemperature,thearcof someof thehalidelampscanbow. Thiscreatesspatial

luminancevariationpatterns.

2. Physical reasonsof chrominancevariation: The chrominancedependson the physical red,

greenandblue�lters of theprojectorswhichare(within manufacturingtolerances)independent

of the spatialcoordinates.Hence,the chrominanceis alsospatiallyalmostconstant. A few

reasonsfor thesmallvariationsin chrominanceandthecolorgamutareasfollows [Stupp99].

(a) The spectrumproducedby the dichroic �lters shift to the left with larger anglesof

incidence.Thus,if light strikesthe�lter in a non-telecentricmanner, this cancausecolor

gradienteitherin thehorizontalor theverticaldirections.

(b) If thesurfaceof thedichroic�lter is not �at, thespectralcharacteristicof the�lter differs

spatially. This leadsto colorblotches.

(c) Dueto differentspatialdistributionof thedopinghalideatomsnearthelamparc,different

emissionspectracanoccuratdifferentlampregionsintroducingcolorblotches.

(d) Most lampshave emissionlines. To getnarrow bandcolorsfrom theselamps,the �lters

needto bevery accuratewhich is not practicallyfeasible.Thus,theerror in theaccuracy

leadsto projectorsof samebrandandmakehaving slightly differentcolorgamuts.
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In CRT projectors,thedifferentorientationof theCRT gunsleadto color shiftswhich needsto

becorrectedby lenticularor total internalre�ection screens.

4.3.3 TemporalVariation
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Figure 4.6: Left: Per channel non-linear luminanceresponseof red and blue channel; Right:
LuminanceResponseof thegreenchannelat four differentbulb ages

Finally, we �nd that the projectorsarenot temporallystable. The lamp in the projectorages

with time andchangesthecolor propertiesof theprojector. Figure4.6shows a signi�cant difference

in luminanceeven within a shortamountof time while the chrominanceremainsalmostsame.The

luminancevariationis dueto theunpredictabletemporalchangein thepositionof thearcin thelamp.

However, chrominancecharacteristicsalsodrift a little afterextensive useof about800� 900hours.

Thereis often a temporalchrominanceshift in halide lamps. Sincemorethanonetype of atomis

presentfor doping,sometimesthis may interactat high temperaturereducingthe numberof halide

dopantspresent.Thesechangestheemissionspectrumof thelampover time giving theslight drift in

chrominancecharacteristics.

4.4 Projector Parametersthat ChangeColor Properties

In this section,we identify the different projectorparametersthat can changethe color properties

of a projector, study the effectsof varying theseparameterson the color propertiesof a large area

multi-projectordisplayandprovide insightsfor thepossiblereasonsbehindsucheffects.
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4.4.1 Position
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Figure 4.7: Left: LuminanceResponseof the greenchannelas the distancefrom the wall is varied
along the axis of projection; Middle: LuminanceResponseof the red channelwith varying axis of
projection; Right: Luminanceresponseof different inputs in the greenchannelplottedagainst the
spatiallocationalongtheprojectordiagonalfor obliqueaxisof projection.

Positionis de�nedby thedistanceof theprojectorfrom thewall alongtheaxisof projectionand

thealignmentof theaxisof projectionwith theplanardisplaysurface.We studythecolor properties

with two setsof experiments.In onewe keepthe orientationconstantwhile changingthe distance

from thewall andin theotherwekeepthedistanceconstantwhile changingtheorientation.

Distanceform the Wall

Figure4.7showstheluminanceresponseaswemovetheprojectoratdifferentpositionsalongits axis

of projection. The chrominanceremainsconstant.Further, the shapeof the spatialvarianceof the

luminancealsoremainsthesameasshown in Figure4.3and4.4.

By moving theprojectoraway from thewall, theprojectionareaincreases.Hencetheamount

of light falling perunit areachanges,but thenatureof thefall off doesnot change,asre�ected in the

observation.Thus,thetotalenergy remainsthesamebut theenergy densitychangeswith thedistance

from the centerof the projector. Further, with the increasein distance,the projector's throw ratio

changeswhichcancauseachangein luminanceonly.

Off-Axis or Orthogonal Projection

In this setof experiments,we kept theprojectorat thesamedistancefrom thewall while we rotated

it aboutx, y, andz directionto have an off-axis projectionat four orientationsbetweenorthogonal

to angledaxisof projectionof 60 degrees.In this casealsowe found that thechrominanceremains

constantwhile theluminanceresponsechanges.Figure4.7showstheresults.Thenatureof thespatial
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variationis no longersymmetricasin the caseof orthogonalposition(Figure4.3). Nearthe longer

boundaryof thekey-stonedprojectionwhich is physically fartheraway from theprojector, thereis a

higherdropin luminance.

As theorientationbecomesmoreoblique,theluminanceattenuationat theprojectorboundary

furtheraway from thescreenincreases,resultingin asymmetricfall-off. This is dueto two reasons.

First, thelight from eachpixel getsdistributedover a largerarea.Second,theangledsurfacereceives

lessincidentlight dueto thecosineeffect. Theresultsfor verticaldirectiondo not show a symmetry

evenfor orthogonalprojectiondueto offsetprojection.

In theabovecases,sincemoving theprojectorarounddoesnotchangetheinternal�lters of the

projectorandtheir setup,thechrominanceremainsconstantasexpected.

4.4.2 ProjectorControls

Theprojectorsoffer usvariouscontrolslike zoom,brightness,contrastandwhite balance.Knowing

how thesecontrolsaffecttheluminanceandchrominancepropertiesof theprojectorcanhelpusdecide

thedesirablesettingsfor theprojectorcontrolsthatreducevariationwithin andacrossprojectors.Thus,

wecanselectthebestpossibledynamicrangeandcolor resolutionofferedby thedevice.

Zoom

0 50 100 150 200 250
0

50

100

150

200

250

300

Input Value

Lu
m

in
an

ce
(C

IE
 Y

)

Luminance response of a single channel at different brightness settings

Brightness Control = 0.5
Brightness Control = 0.0
Brightness Control = 0.25
Brightness Control = 0.75
Brightness Control = 1.0

0 50 100 150 200 250
0

1

2

3

4

5

6

7

8

9

10

Input Value

Lu
m

in
an

ce
(C

IE
 Y

)

Luminance response of a single channel at different brightness settings

Brightness Control = 0.5
Brightness Control = 0.0
Brightness Control = 0.25
Brightness Control = 0.75
Brightness Control = 1.0

0 50 100 150 200 250
0.3

0.35

0.4

0.45

0.5

0.55

Input Value

C
hr

om
at

ic
ity

 C
oo

rd
in

at
e 

y

Chromaticity coordinate y response of green channel with varying brightness settings

Brightness Control = 0.0
Brightness Control = 0.25
Brightness Control = 0.5
Brightness Control = 0.75
Brightness Control = 1.0

Figure4.8: Left: LuminanceResponseof thegreenchannelwith varyingbrightnesssettings;Middle:
LuminanceResponseof the greenchannelwith varying brightnesssettingszoomednear the lower
inputrangeto showthechangein theblack offset;Right: ChrominanceResponseof thegreenchannel
with varyingbrightnesssettings.

We testedthe projectorsat four different zoom settings. Both luminanceand chrominance

remainconstantwith thechangein zoomsettingsof theprojector.
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With the changein zoom,the amountof light for eachpixel getsdistributedover a different

area.For a focusedprojector, it is distributedover a small area,while for an unfocusedprojectorit

is distributedover a largerarea.However, thetotal areaof projectionremainsthesameandthetotal

amountof photonenergy falling in that arearemainssame. Hencethe light per unit arearemains

unchanged,while thepercentageof light thateachunit areareceivesfrom thedifferentpixelschanges.
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Figure 4.9: Left: LuminanceResponseof thegreenchannelwith varyingcontrastsettings;Middle:
LuminanceResponseof the green channelwith varying contrast settingszoomednear the lower
luminanceregion to showthat there is nochange in theblack offset;Right: ChrominanceResponseof
thegreenchannelwith varyingcontrastsettings.

Brightness

Luminanceand chrominanceresponseis measuredby putting the brightnesscontrol at 5 different

positions.[Poynton96]mentionsthatusuallythebrightnesscontrolin displayschangetheblackoffset.

However, in projectors,this controlaffectsboth thegain andblackoffsetof the luminanceresponse

of all thethreechannelssimilarly andsimultaneously. Theresultsareillustratedin Figure4.8.As the

brightnessis increased,boththeblackoffsetandthegain of theluminanceincreases.However, if the

brightnessis too low, theluminanceresponsegetsclippedat thelower input range.In thesesettings,

sincethe luminanceremainsat the samelevel for many lower inputs, the chromaticitycoordinates

alsoremainsconstant.At very high brightnesssettings,we observed somenon-monotonicityin the

luminanceresponsefor thehigherinput range.As a consequence,thechromaticitycoordinatesalso

show somenon-monotonicityat thehigherbrightnesssettings.Thus,it is idealto have thebrightness

control setso that thereis no clipping in the lower input rangeor non-monotonicityat higherinput

ranges.For example,in theseillustrations,theidealsettingis between0:5 and0:75.
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Figure 4.10: Left: ChrominanceResponseof the green channel with varying green brightness
settingsfor white balance; Middle: ChrominanceResponseof the red channel with varying red
contrast settingsfor white balancing; Right: LuminanceResponseof the red channelwith varying
redbrightnesssettingsin whitebalance.

ProjectorBrandandModel Red Green Blue

x y x y x y

SharpXG-E3000U 0.62 0.32 0.33 0.62 0.14 0.07

NECMT-1035 0.55 0.31 0.35 0.57 0.15 0.09

nView D700Z 0.54 0.34 0.28 0.58 0.16 0.07

Epson715c 0.64 0.35 0.30 0.67 0.15 0.05

ProximaDX1 0.62 0.37 0.33 0.55 0.15 0.07

MaxDistance 0.085 0.086 0.028
Table4.1: ChromaticityCoordinatesof theprimariesof differentbrandsof projectors

Contrast

We perform similar experimentsfor the contrastcontrol. This also affects all the three channels

similarly and simultaneously. The resultsare illustratedin Figure4.9. [Poynton96]mentionsthat

usuallythecontrastcontrolchangesthegain of the luminancecurve. We foundthesameeffect with

the projectors.As the gain increases,the luminancedifferencebecamesigni�cant enoughat lower

inputrangesto pushthechromaticityawayfrom thegraychromaticityvaluestowardsthechromaticity

coordinatesof therespective primaries.However, the luminanceresponsestartsto show severenon-

monotonicityat highercontrastsettings,thusreducingthe input rangeof monotonicbehavior. So,

contrastsettingshouldbein themonotonicrangeto maximallyusetheavailablecolor resolution.
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White Balance

Thewhite balanceusuallyhasa brightnessandcontrastcontrol for two of thethreechannelsandthe

third channelactsasa referenceandis �x ed. We put thesein � ve differentsettingsfor our readings.

The luminanceandthe chrominanceresponsechangesexactly the sameway asfor the independent

brightnessandcontrastcontrols,but thechangeaffectsonlyonechannelat a timeinsteadof affecting

all of themsimilarly. Thus,it controlstheproportionof thecontribution from eachchannelto a color

which in turnchangesthewhitebalance(Figure4.10).

4.5 Inter -Projector Variation
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Figure 4.11: Left: Peakluminanceof greenchannelfor �fteen differentprojectors of thesamemodel
with samecontrol settings;Right: Color gamutof 5 differentprojectors of thesamemodel.Compare
thelargevariation in luminancein Figure4.11with smallvariation in chrominance.

In this sectionwe studyhow thesepropertiesof a projectorvary acrossdifferentprojectors.

Figure4.11 shows the luminanceandcolor gamut responsefor the maximumintensityof a single

channelfor differentprojectorsof samemodelhaving exactly thesamevaluesfor all theparameters

de�ned in Section4.4. Thereis nearly66% variationin the luminance,while the variationis color

gamutis relatively muchsmaller. This smallvariationis dueto physical limitation in theaccuracy of

manufacturingidenticalopticalelementslike lens,bulbsand�lters, evenfor samebrandprojectors.

Figure4.12alsoshowsthehighresolutionchrominanceresponseof adisplaywall madeof four

overlappingprojectorsof samemodel,projectingthesameinputatall pixels.Projectorsof samebrand

usuallyusesamebrandbulb (which have similar white points)andsimilar �lters justifying similarity
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in thecolorgamut.However, this is not truefor thegraysof theDLP projectorsthatusetheclear�lter

wherethechrominanceof graysdiffer signi�cantly acrossdifferentprojectorsdueto largevariationin

thisclear�lter .

Thecolor gamutacrossprojectorsof differentbrandsdiffer morethansamemodelprojectors

(Table4.4.2). This is alsoillustratedin Figure4.12. However, this is relatively muchsmallerwhen

comparedto theluminancevariation.
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Figure 4.12: Left: Chrominanceresponseof a displaywall madeof four overlappingprojectors of
samemodel;Right: Color gamutof projectorsof differentmodels.

4.6 Luminance Variation is the Primary Causeof Color Variation

Thekey observationsfrom experimentsandanalysisof section4.3,4.4and4.5canbesummarizedas

1. Within a single projector's �eld of view, luminancevariessigni�cantly while chrominance

remainsnearlyconstant.

2. Luminancevariation is dominantacrossprojectorsof samemodel, but perceptuallysmall

chrominancevariationsalsoexist.

3. Thevariationin chrominanceacrossprojectorsof differentmodelsis smallwhencomparedto

thevariationin luminance.

4. With the changein variousprojectorparameterslike brightness,contrast,zoom,distanceand

orientation,only luminancechangeswhile chrominanceremainsconstant.
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CHAPTER5

The Emineoptic Function

5.1 De�nitions

O

Y

2Y
1O

O2
X1

X2

1Z

2Z

P1

P2

1

X

Y

Z

Display 
Screen

Figure5.1: Projectoranddisplaycoordinatespace.

A planar multi-projector display is a display madeof N projectors,projectingon a planar

displayscreen.Eachprojectoris denotedby Pj ; 1 � j � N . Figure5.1showsasimpletwo-projector

displaywall. Theblueandredquadrilateralsshow theareasof projectionof P1 andP2 on thedisplay

screen.

A uni�ed displaycoordinatespaceis de�ned by X , Y , andZ with origin O at the top left

cornerof thedisplayplane.Theprojectorcoordinatespaceof a projectorPj is de�ned by X j andYj

onthedisplayplane,Z j , parallelto Z , with origin Oj at thetop left cornerof theprojectedareaof Pj .



Thecoordinatesof thedisplayaredenotedby (u; v), andthecoordinatesof a projectorP are

denotedby (s; t). Thesetwo coordinatepairscanberelatedby ageometricwarp

(u; v) = G(s; t; p) (5.1)

wherep = (px ; py ; pz; � ; �; � ; f ). Respectively, f , (px ; py ; pz) and (� ; �; � ) are the focal length,

position,andorientationof P in the displaycoordinatespace.For all practicalsystemsp doesnot

changesinceprojectorsandscreendonotmoverelative to eachother. Hence,thedependency of G on

p in Equation5.1 is removed.Thus,

(u; v) = G(s; t) (5.2)

A projectorhasthreechannels,f r; g; bg. In general,a channelis denotedby l 2 f r; g; bg and

thecorrespondinginputby i l 2 f i r ; i g; i bg; 0:0 � i l � 1:0.

Let theviewerbeate = (ex ; ey ; ez) in thedisplaycoordinatespace.TheBRDFof thescreenis

dependentonthedisplaycoordinatesandtheviewer locationandis denotedby �( u; v; e). Weassume

thattheBRDF is independentof chrominance.

5.2 The Emineoptic Function

Theemineopticfunction, E(u; v; i; e), for amulti-projectordisplayis de�nedasthecolorreachingthe

viewere from adisplaycoordinate(u; v) whentheinputat thatdisplaycoordinateis i = (i r ; i g; i b).

5.2.1 EmineopticFunction for a SingleProjector

Let usconsideroneprojectorcoordinate(s; t). Let Ql (s; t) be themaximumluminancethatcanbe

projectedat thatcoordinatefrom channell . For all inputsi l , the luminanceprojectedis a fractionof

Ql (s; t) givenby hl (s; t; i l ); 0:0 � hl (s; t; i l ) � 1:0. Let thechrominanceat thatcoordinatefor input

i l becl (s; t; i l ). Thus,thecolorprojectedat thiscoordinate(s; t) for input i l is givenby

D l (s; t; i l ) = ( hl (s; t; i l )Ql (s; t) ; cl (s; t; i l ) ) (5.3)

= hl (s; t; i l ) 
 ( Ql (s; t) ; cl (s; t; i l ) ) (5.4)

A projectorsatis�esthepropertyof channelconstancyby whichcl (s; t; i l ) is independentof i l .

We call cl (s; t) thechannelchrominancefor thedisplaycoordinate(s; t). Physically, cl dependson

theprojectorcolor �lters andlampcharacteristics.So,

D l (s; t; i l ) = hl (s; t; i l ) 
 ( Ql (s; t) ; cl (s; t) ) (5.5)
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[Majumder02b] shows thathl doesnot vary with (s; t). So,it is denotedby hl (i l ), thetransfer

functionfor channell . So,

D l (s; t; i l ) = hl (i l ) 
 ( Ql (s; t) ; cl (s; t) ) (5.6)

Notethathl is similar to thegammafunctionin otherdisplays.In projectors,this functioncannotbe

expressedby a power (
 ) functionandhencewe preferto call it the transferfunctionfor channell .

Further, hl shouldsatisfythefollowing two properties:min8i l hl (i l ) = 0 andmax8i l hl (i l ) = 1.

Ideally, thechannelsof aprojectorareindependentof eachotherandthecolorprojectedat(s; t)

for input i = (i r ; i g; i b), T(s; t; i ) is givenby D r (s; t; i r ) � Dg(s; t; i g) � Db(s; t; i b)

However, in practice,someextra leakagelight is projectedat all times,in additionto the light

projectedfrom input i . This light is calledtheblack offset. We representthis by (B (s; t); cB ), where

B (s; t) is the spatiallyvarying luminancecomponentcalledthe black luminancefunctionandcB is

thechrominance.Thus,thelight projectedby aprojectoris

T(s; t; i ) = D r � Dg � Db � (B (s; t); cB (s; t)) : (5.7)

Finally, for aviewerate, theemineopticfunctionE(u; v; i; e) for asingleprojectoris

E(u; v; i; e) = �( u; v; e) 
 T(s; t; i ); (5.8)

where(u; v) = G(s; t).1

5.2.2 EmineopticFunction for a Multi-Projector Display

Let NP denotethe setof projectorsoverlappingat (u; v). The emineopticfunction E(u; v; i; e) for

thetiled displayis

E(u; v; i; e) = � j 2 N P E j (u; v; i; e): (5.9)

We assumea Lambertianscreenfor which Equation5.9 becomesindependentof e and is

reducedto

E(u; v; i ) = � j 2 N P Tj (sj ; t j ; i ): (5.10)

5.3 Relationshipwith Color Variation

Now, thatwehavedescribedtheemineopticfunction,let usseehow thismodelsthedifferenttypesof

color variation(describedin detailsin Chapter4) in multi-projectordisplays.
1Whenp is notassumedto bestatic,G, Q l andB arealsodependentonp.
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Figure 5.2: Left: Color blotcheson a singleprojector. Right: Correspondingpercentage deviation in
theshapeof theblueandgreenchannelluminancefunctions.

Intra-Pr ojector Variation

The intra projectorluminancevariation is due to the fact that the luminancefunction Q l for each

channell for eachprojectoris not �at asshown in Figure4.4.

The chrominancevariation,thoughlesssigni�cant, is morecomplicatedto model. The color

blotcheswithin asingleprojectoraremodeledasfollows.

1. First, cl variesspatially. Thoughit is nearlyconstant,asshown in Figure4.5, it is not exactly

constant. However, note that sometimesthis variation is almostnegligible and often cannot

explain thecolorblotchesthatarestill seenin theprojectors.

2. Thesecondreasonbecameevidentfrom theemineopticfunction.Let thenormalizedluminance

functionfor eachchannelbe �Ql andthemaximumluminancefor thechannelbe

M l = max
8s;t

(Ql (s; t):

NotethattheparameterM l is notdependenton thespatialcoordinates.Therefore,

Ql (s; t) = M l �Ql (s; t)

Let us assumethat cl is constantover spaceand cannotcausethe color botches. From the

de�nition of coloroperatorsin Section4.2.1,thechrominancefor aninput i = (i r ; i g; i b), ci , is

givenby

ci =
X

l2f r ;g;bg

cl M l �Ql hl (i l )P
l2f r ;g;bg M l �Ql hl (i l )

(5.11)
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Now, if �Ql is thesamefor all thethreechannels,Equation5.11becomes

ci =
X

l2f r ;g;bg

cl M l hl (i l )P
l2f r ;g;bg M l hl (i l )

whereevery termis independentof spatialcoordinates.Hence,thechrominancedoesnot vary

spatially.

If �Ql is differentfor eachchannel,i.e. theshapeof thespatialvariationin luminancefor each

channelis different,the threeprimariescombinein differentproportionsat differentprojector

coordinatesandwe seecolor blotches.The hueof the color blotchesdependson the amount

of deviation in eachchannel.Thus,if theshapeof the luminancefunctionacrossthedifferent

channelscanbemadeto beidentical,someof thecolorblotchesproblemcanbeeliminated.

We veri�ed this in someof the projectorswherethe channelchrominancewasvery closeto

constant.Wefoundthevariationin �Ql acrossdifferentchannelsto beamaximumof 20%. And

the visible color blotchescoincidedwith the sitesof larger deviation. An exampleof this is

illustratedin Figure5.2.

Inter -Projector Variation

The inter-projectorluminancevariationis modeledby two parameters,the input transferfunctionh l

and the shapesof the luminancefunctions. Theseareprojectordependentandhencedifferent for

differentprojectors.

Thevariationin coloracrossdifferentprojectorsis dueto two factorsagain.

1. First, therelative luminanceof theprimarieswith respectto eachothercanbefoundby theratio

M l for eachchannelwith theother. This ratio canvary from projectorto projector. This means

thattheproportionsof red,greenandblueto generateacolorwoulddiffer from oneprojectorto

anothergiving differentchrominance,asillustratedin Figure4. Thisproportioncanbechanged

usingthewhitebalancecontrolof theprojectors.

2. Second,thisvariationcanalsobedueto adifferencein cl acrossprojectors.Thismeansthatthe

colorgamutvariesfrom projectorto projector.

Overlap Regions

The color variation in the overlap region is modeledby the fact that the cardinalityof N P (jNP j)

is not the sameat every displaycoordinate.The luminanceandchrominancein the overlapregion
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canbe foundby usingtheadditioncolor operator(presentedin Section4.2.1)on the luminanceand

chrominancefrom eachof thejNP j projectors.Theluminancefrom differentprojectorswill addupto

generatehigherluminancein theoverlapregion. Also, if thechannelchrominanceof thecontributing

projectorsaredifferent, the overlapregion will show a differentchrominancethanthe non overlap

region.

5.4 Model Veri�cation

Figure 5.3: Reconstructedluminance(left) and chrominancey (right), measured from a camera
image, for theemineopticfunctionat input (1; 1; 0) of a four projectortiled display.

In this section,we presenta brief veri�cation of theemineopticfunction. We usetwo methods

to verify themodel.

First, we projecti at all displaycoordinatesandmeasure the luminanceusinga camera.Next

we computethe luminancefor the sameinput i using Equation5.10 from the estimatedprojector

parametershl , Ql , andB . We �nd this to be closeto the measuredresponse.Quantitatively, the

measuredresponsedeviatedfrom thecomputedresponseby 2 � 3%.

The chrominancecannot be veri�ed in a similar way becausethe camera and the

spectroradiometerhave different3D color spaces.So, insteadof verifying the absolutevalueof the

chrominance,weverify apropertyof thechrominanceresponse.[Majumder02a, Majumder02b]show

that cl is closeto identical for samemodelof projector. Our displayis madeof projectorsof same

brandandmodel.So,thechrominanceresponseof thetiled displayreconstructedfrom Equation5.10

shouldnot vary spatially. To verify this, we project input i at all displaycoordinatesandmeasure
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thechrominanceusinga camera.We foundboth thechromaticitycoordinatesto be �at asexpected

(Figure5.3).

Figure 5.4: A 2 � 2 array of four projectors. Left Column:PredictedResponse. RightColumn:Real
Response.

The secondway to validateour model is to usethe following experiment. First, we usea

physical sensor(a camera)to capturethe imageof the physical display. The imageis converted

from thecameracoordinatespaceto thedisplaycoordinatespaceusingthegeometriccorrespondence

informationgeneratedby the geometriccalibrationmethod. The imagethusgeneratedis calledthe

actualresponse.
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Next, we reconstructthemodelparametersfor thetiled display. Thenwe usetheseparameters

andtheemineopticfunctionto predict theresponseof a hypotheticalsensorwhena testimageis put

up on this display. This is calledthe predictedresponse. This hypotheticalsensoris alsomodeled

usingtheemineopticfunction.

Figure5.4shows thepredictedandtherealresponsefor a setof testimages.Thehypothetical

sensorbeingan idealdevice, is assumedto have spatiallyinvariantchannelluminance,chrominance

and the transferfunctionsand no black offset. However, it is often dif�cult, if not impossible,to

simulatetheparametersof thehypotheticalsensor, especiallythechrominance,to beexactly similar

to the physical cameraused.Thus,the actualandthe predictedresponsemay not be identical. The

thing to notehereis the similarity in response.For example,the bottomright projectorhasa more

severeradial fall off thantheothersandis similar for boththeactualandpredictedresponse.Or, the

bottomright projectorhasalowerbrightnessthantheothersthatis predictedfrom themodelcorrectly.

70



CHAPTER6

A Framework for Achieving Color Seamlessness

In this chapter, we designa comprehensive framework for achieving color seamlessnessandde�ne

color seamlessnessformally. Finally, we show thatthis framework is unifying andcanexplain all the

existingmethodsdirectedtowardsachieving color seamlessness.

6.1 The Framework

Theframework to achieveany colorcorrectionfor multi-projectordisplaysconsistsof threesteps.

1. Reconstructionof the Emineoptic Function: To correctfor thecolorvariation,weneedto �rst

capturethecolor variationacrossthemulti projectordisplay. This calls for the reconstruction

of the emineopticfunction for the particulardisplayat hand. Thus,in this step,somesensors

areusedto reconstructE (u; v; i; e) of thedisplay. Theaccuracy andspeedof thereconstruction

dependson thesensorsbeingused.

2. Modi�cation of the Emineoptic Function: Now, thereconstructedemineopticfunctionE has

color seams.Hence,to achieve a displaythathasno seams,this E needsto bemodi�ed to E 0,

thedesiredemineopticfunction. Themodi�cation is basedonsomegoalsthatwouldcontrolthe

qualityof theseamlessnessachieved.Thisstepis thuscalledmodi�cation.

3. Reprojection of the Desired Emineoptic Function: Finally, we needto realizethe desired

emineopticfunction, E 0, on the display. This is called reprojection. This is achieved by

manipulatingone or more parametersof the emineopticfunction, on the choice of which

dependstheinteractivity andtheperformanceof thecorrection.



6.2 Color Seamlessness

Severalmethodsstrive to correctfor thecolor variation,but thereis no formal de�nition of thegoal

that shouldbe achieved in suchcorrections.In this section,we de�ne a new andpracticalgoal for

color seamlessness.

Absolute Uniformity: An obviousgoalof color seamlessnessis to achieve absoluteuniformity. The

desireddisplay E 0 is absolutelyuniform if the color reachingthe viewer e from any two display

coordinates(u1; v1) and(u2; v2), areequal.

8i; E 0(u1; v1; i; e) = E 0(u2; v2; i; e) (6.1)

The goal of absoluteuniformity requires the displayquality to matchthe worst pixel on the

display. This leadsto compressionin contrast,alsocalleddynamicrange,andhencepoor display

quality, asillustratedin Figure1.7.

Figure 6.1: Left: A �at greenimage displayedon a single-projectordisplay. Right: Theluminance
responsefor theleft image. Notethat it is notactually�at.

Perceptual Uniformity: The idea behindcolor seamlessnessis to make a multi-projectordisplay

behave likeasingleprojector. First, let usanalyzethebehavior of asingleprojector. Figure6.1shows

a�at greenimageprojectedby aprojectorandits luminancevariation.Thenon-�at luminancesurface

shows that a typical single-projectordisplay is not photometricallyuniform. But humansperceive

themasuniform. So,webelieve thatit is suf�cient for amulti-projectordisplayto createaperception

of beinguniform.
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Formally, thedesireddisplayis perceptuallyuniformif thecolorreachingtheviewere from any

two displaycoordinates(u1; v1) and(u2; v2) differ within a certainvisibly imperceptiblethreshold.

Thatis,

8i; E 0(u1; v1; i; e) � E 0(u2; v2; i; e) � � ; (6.2)

where� is a functionthatdependson parameterslike distancebetweendisplaycoordinates,distance

of viewer, angleof the viewing directionwith respectto the displaywall at the displaycoordinates,

humanperceptioncapabilitiesandeven the taskto be accomplishedby the user. Note that absolute

coloruniformity is aspecialcaseof perceptualuniformity where� = 0; 8(u1; v1); (u2; v2).

Display Quality: High dynamicrange,brightness,and wide color gamutsare essentialfor good

imagequality [Debevec97,Larson01]. Similarly, high lumensrating (high brightness),low black

offsets(high contrast),andsaturatedcolors(wide color gamut)areessentialfor gooddisplayquality.

However, notethat the criterion of perceptualuniformity alonewhich generatesthe desireddisplay

E 0satisfyingEquation6.2maynot ensurea gooddisplayquality. For example,absolutephotometric

uniformity, which impliesperceptualphotometricuniformity, doesnotensuregooddisplayquality.

Anotherimportantpoint to noteis that the projectorvendorsusuallydesignprojectorswhich

have thenecessarycapacityto achieve high displayquality whenusedindividually. Thus,thedisplay

with color variationswhich is formedby theseprojectorsdenotedby E exhibit high displayquality

in mostplaces.Thus,if we imposeanadditionalconstraintthatE 0differsminimally from E, we can

assurethatthesehighdisplayqualitiesareretainedasmuchaspossible.This canbeexpressedby the

minimizing thesumof thedistancesbetweenE andE 0atevery (u; v). Thus,

8 i; minimiz e
X

jE(u; v; i; e) � E 0(u; v; i; e)j (6.3)

Color Seamlessness:Hence,color seamlessnessis an optimizationproblemwherethe goal is to

generatean E 0 that has maximal imperceptiblecolor variation and minimum distancefrom the

reconstructedE. In other words, the problemof achieving color seamlessnessis an optimization

problemwherethegoalis to achieveperceptualuniformitywhilemaximizingthedisplayquality.

6.3 Unifying PreviousWork

In this sectionwe explain all the existing methodsusingthe framework proposedframework. This

helpsus to compareandcontrastdifferentexisting methodswithin the framework of theemineoptic

function.
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6.3.1 Manual Manipulation of ProjectorControls

The most common method used to achieve color correction in tiled displays made of abutting

projectors,is to changethe control settingsof contrast,brightness,white balancemanually. Figure

1.6showsanexample.

Reconstruction: In this method,thesensorusedto reconstructtheemineopticfunctionis thehuman

eyeor acamera.

Modi�cation: Thegoalhereis to achieveperceptualuniformity in aninformalsense.

Reprojection: The reprojection is done by manipulating the projector controls which means

modifying the projectorparametersof channeltransferfunction, h l , and the maximumof channel

luminancefunction,Ql , givenby M l = max8(s;t ) Ql .

Shortcomings: Manipulationof controlscannotnullify theeffect of thespatiallyvarying luminance

function,Ql , andretainstheseamsacrosstheprojectorboundariesasshown in Figure1.6.Also,being

manual,it is not scalable.

6.3.2 GamutMatching

[Stone1a,Stone1b,Majumder00]try to matchthecolorspaceor luminanceacrossdifferentprojectors

by lineartransformationsof color spacesandluminanceresponses.

Reconstruction: Theemineopticfunction is sampledat very few displaycoordinates(u; v), usually

at thecenterof eachprojector. A radiometeris usedto estimatethechannelchrominance,cl , andthe

channeltransferfunction,hl .

Modi�cation: Thegoalis to achievephotometricuniformity by makingthemaximumof thechannel

luminancefunctions,M l , andthechannelchrominance,cl , identicalfor all projectors.

Reprojection: For reprojection,theinputparameteri is manipulatedby lineartransforms.

Shortcomings: Dueto sparsityof samplingthis methodalsocannotreconstructthespatiallyvarying

luminancefunction, Ql , and hencecannotachieve photometricuniformity. Further, we have not

seenrobustmethodsthatcan�nd thecommoncolor spaceof differentprojectorswhich would make

[Bern03,Stone1a, Stone1b]scalable.

6.3.3 Using thesamelamp for all projectors

Somemethods[Pailthorpe01]useacommonlampfor all projectors.

Reconstruction: Herethereis no reconstructionstep.
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Modi�cation: Thegoalis to equalizethemaximumof thechannelluminancefunctions,M l , andthe

channelchrominance,cl , for all projectors.

Reprojection: The reprojectionis doneby changingtheparameterM l directly by usinga common

lamp.

Shortcomings: This solutionalsodoesnot addressQl or hl andaddressesonly the color variation

contributedby theprojectorlamp.However, asmentionedin thepreviouschapters,this is not thesole

causeof thecolor variationproblem.Also, theuseof a commonlampis not scalableandcanbeused

for systemshaving notmorethannineprojector. Beyondthis,thepowerof thecommonlamprequired

to producea suf�ciently brightdisplaybecomesprohibitive in termsof ef�ciency in performanceand

problemsof thermaltaxationthat needsto be addressed.Further, this often involves a signi�cant

amountof skilled laborandcost.

6.3.4 Blending

Blendingor featheringtechniquesattemptto blend the higherbrightnessin the overlap regionsby

weighing the contribution from eachprojectorin the overlap region by a function. Whendonein

software[Raskar98],this function canbe carefully designedfunction to be a linear or cosineramp.

It canalsobe doneoptically usingphysical masks[Li00] or by modifying the analogsignalsto the

projectors[Chen01]. Figure1.6showssomeresults.

Reconstruction: Herethereis no reconstructionprocess.

Modi�cation: The goal, thoughnot formally de�ned, aims at achieving a smoothtransitionfrom

the brighter overlap region to the dimmer non-overlap regions. This would achieve somekind of

perceptualuniformity if thetiled displayis madeof identicalprojectorswith linearh l . Evenif some

estimateof hl is usedin somemethods[Yang01],it is impossibleto getidenticalprojectorsto produce

aentirelyseamlessdisplay.

Reprojection in Software Blending: In softwareblending[Raskar98]the reprojectionis doneby

changingthe input i is to i 0 = � j (u; v; sj ; t j ) � i where� is a function of the relative positionsof

projectoranddisplaycoordinatessuchthat
P n

j =1 � j = 1:0 and0:0 � � j � 1:0. So,E is givenby

E(u; v; i ) = � j 2 N P Tj (sj ; t j ; � j � i ): (6.4)
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Reprojection in Other Types of Blending: In blending achieved both optically [Li00] or by

manipulatingtheanalogsignal[Chen01],the reprojectionis doneby changingthe functionTj itself

at (u; v) givenby

E(u; v; i ) = � j 2 N P � j � Tj (sj ; t j ; i ): (6.5)

Ideally, � j � 1:0 and
P n

j =1 � j = 1:0.

Shortcomings: First,blendingonly addressestheoverlapanddoesnot addressQ l . Further, software

blendingoftenassumesa linearhl which is not true in practice.Hencewe seebandsin theoverlap

regionsasshown in Figure1.6. In optical blending,the color transitionbroughtinto effect by the

physical metalmasksis often not a controlledsmoothtransitionanddoesnot assurethe condition
P n

j =1 � j = 1:0.

6.3.5 LuminanceMatching

[Majumder02a],tries to matchthe luminanceresponseat every displaycoordinate.This is different

thanabsoluteuniformity sincethisdoesnotaddresschrominancebut only luminance.So,wecall this

achieving photometric(luminance)uniformity insteadof absolutecoloruniformity.

Reconstruction: This is probablytheonly existing methodthatmakesaneffort to reconstructE in a

rigorousmannerusingadigital camera.

Modi�cation: The goal is formally de�ned asoneof achieving photometricuniformity. Underthe

assumptionthatcl is constantfor all projectors,themethodmakeslum(E) in Equation5.8 identical

atevery (u; v).

Reprojection: The reprojectionis doneby manipulatingthe input i at every pixel (s; t) of every

projectordifferently.

Shortcomings:Theresultsshown in Figure1.7suffersfrom thetypical shortcomingsof photometric

uniformity (only in luminance)yielding low dynamic rangeimagesas mentionedin Section6.2.

Further, thesamplingof E in (u; v) is limited by thecameraresolutionmakingthismethodunscalable.
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CHAPTER7

An Algorithm to AchievePhotometric Seamlessness

In this chapter, we describeanalgorithmto generateperceptuallyseamlesshigh quality displays.In

thisalgorithmweaddressonly theluminancevariationacrossmulti-projectordisplay. Thisstill yields

goodresultsdueto two reasons.

1. Mostdisplaysaremadeof projectorsof thesamemodel.As shown in Chapter4, theluminance

variationin thesedisplaysis muchmoresigni�cant thanchrominancevariationwhich is almost

negligible.

2. Humansare at leastan order of magnitudemore sensitive to variation in luminancethan in

chrominance[Goldstein01,Valois90].

Ourmethodis automaticandscalable,andaddressestheluminancevariationwithin asingleprojector,

acrossdifferentprojectorsandin theoverlappingregionsin a uni�ed manner. Further, thecorrection

to achieve seamlessnessis implementedin real time usingcommoditygraphicshardware. Sincewe

addressonly luminancevariation,wesaythatouralgorithmachievesphotometricseamlessness.

Our algorithmfollows threesteps.First, it reconstructstheemineopticfunctionef�ciently . It

usesa photometeranda digital cameraassensorfor this purpose.Then,it modi�es the emineoptic

function usinga constrainedgradient-basedluminancesmoothingalgorithm. Finally, we reproject

the modi�ed function by changingonly the input i at every displaycoordinate(u; v). Further, the

reprojectioncanbeachieved in real time by usingcommoditygraphicshardware. In this chapterwe

presentthetheorybehindthereconstruction,modi�cation andreprojectionandshow how thesecanbe

directly derived from the emineopticfunction. Thepracticalimplementationusingdifferentsensors

aredescribedin detailsin Chapter8.



7.1 Reconstruction

Firstwepresentanoverview of thetheoryof reconstructionandthenwedescribetheprocessin details.

7.1.1 ReconstructionOverview

Thebrief overview of thereconstructionprocessdescribesthesamplingphilosophy, sensors,accuracy

of reconstruction,andthegeometricwarpweusefor reconstruction.

GeometricCalibration

To reconstructthe emineopticfunction, we requirea geometricwarp G that relatesthe projector

coordinates(s; t) with thedisplaycoordinates(u; v) (Referto Chapter5). Mostgeometriccalibration

methodsuseacameraasthesensorandde�ne therelationshipbetweentheprojectorcoordinates(s; t)

andthedisplaycoordinates(u; v) throughthecameracoordinates,whichwedenoteby (x; y). Weuse

onesuchmethod[Hereld02] for our purpose.Notethatany imagetakenby thecamerato reconstruct

the emineopticfunction needsto be taken from the samepositionandorientationas the geometric

calibration. We refer the readerto [Majumder02a]for a detailedtreatiseon using suchgeometric

warpsto extracttheluminanceandchrominanceresponsefrom cameraimages.

Sampling the Emineoptic Function

The emineopticfunction E(u; v; i ) de�nes the light reachingthe viewer from display coordinates

(u; v) for input i . To sampletheemineopticfunctiondenselyin thespatialdomain(u; v), onecanuse

ahigh-resolutiondigital camera.To sampleit denselyin theinputdomain,assumingthateachi l takes

28 discreetvalues,oneneedsto useO(224) images.This indicatesan impracticallylargeamountof

data.

To reducethis datarequirement,we usethe propertiesof modelparameters.For example,in

Equation5.7,sincehl (i l ) doesnot dependon thespatialcoordinates,we needto sampleit at any one

projectorcoordinate.Ql (s; t) andB (s; t) needto besampleddenselyonly in thespatialdomainand

not in the input domain.Further, with theblackoffset removed, theresponseof eachchannelof the

projectoris independentof eachother. Thus,we needjust four (onefor eachchannelandonefor the

black),high resolutioncameraimagesperprojector, in additionto O(28) singlevaluedmeasurements

to estimatehl (i l ).
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In essence,we usea small setof measurementsof theemineopticfunction to estimateall the

model parameters.Then, we usetheseestimatedparametersto computethe completeemineoptic

function. In additionto alleviating thedatastorageproblem,estimatingmodelparametersalsohelps

in easymodi�cation of theemineopticfunctionby modifying themodelparametersappropriatelyand

independentlyto achieve thedesiredphotometricseamlessness.

Sensorsand Accuracy

For accuracy andspeed,we usea photometeranda cameratogether. The challengein measuring

hl with a camerais to designan automaticmethod that can changethe dynamic rangeof the

cameraappropriatelyto captureimagesof varyingbrightness.Sinceh l changevery little temporally

[Majumder02b], we usea slower photometer(1 � 20 secondspermeasurement)to estimateh l more

accuratelyat infrequenttime intervals(usuallyoncein 9 � 12 months).On theotherhand,Q l andB

dependonspatialcoordinatesdemandinggeometricallyaccuratehigh-resolutionmeasurements.Since

Ql andB areluminancemeasurements,adevicedependent3D color spacelike thatof acameradoes

not posea limitation. Finally, sincetheseparameterschangeevenwith a smallchangein theposition

andorientationof theprojectors,they needfrequentandfastestimation.Hencea camerais a suitable

device to reconstructtheseluminanceparameters.Theissueof cameraresolutionwith respectto the

displayresolutionis addressedin Chapter8.

7.1.2 ReconstructionProcess

Now, wedescribethereconstructionprocessin detail.Firstweestimatethemodelparametersfor each

projectorindividually andthenreconstructtheemineopticfunctionfor thewholedisplay.

Estimating Model Parametersfor a SingleProjector

We describetheprocessto estimatehr (i r ), Qr (s; t) for channelr , andB (s; t), for a singleprojector

(Equations5.6and5.7).Theparametersfor channelsg andbareestimatedanalogously.

Transfer Function (hl ): By de�nition, hl (i l ) is the ratio of the luminanceprojectedfor i l to the

maximumluminanceprojectedfrom channell , whenblack offsetis zero. But dueto thepresenceof

theblackoffset,we needto subtracttheblackoffset from every measurementof luminanceandthen

computehl (i l ). It is derivedasfollows.
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Figure 7.1: Left: Projectorchannelinput transferfunction;Middle: Projectorchannellinearization
function; Right: Compositionof the channelinput transferfunction and the channellinearization
function.

Since, hl (i l ) doesnot dependon (s; t), we drop theseparametersfor simplicity. For the

samereason,we canusea photometerto take the luminancemeasurementsfrom a singleprojector

coordinate.Let theinputbe(i r ; 0; 0). FromEquation5.7,thephotometermeasureslum(T(i r ; 0; 0)).

Thus,from Equations5.7and5.6,

lum(T(i r ; 0; 0)) = hr (i r )Qr + hg(0)Qg + hb(0)Qb + B : (7.1)

Let lum(T(i r ; 0; 0)) be minimum at i r = rm and maximumat i r = rM as shown in Figure 7.1

(In general,for a channell , thesetwo inputs are de�ned as lm and lM ). Unlike the caseof ideal

devices, for projectors,often lum(T(i r ; 0; 0)) is non-monotonic,i.e. r m 6= 0 andr M 6= 1. But,

by de�nition, hr (rm ) = 0 and hr (rM ) = 1. So, to �nd hr from lum(T(i r ; 0; 0)), we need

to normalize it in the input rangebetween0:0 and 1:0. This is derived from Equation7.1 as,

lum(T(r m ; 0; 0)) = hg(0)Qg + hb(0)Qb + B

lum(T(r M ; 0; 0)) = Qr (s; t) + hg(0)Qg + hb(0)Qb + B

= Qr (s; t) + lum(T(r m ; 0; 0))
Thus,hr canthenbefoundfrom Equation7.1as

hr (i r ) =
lum(T(i r ; 0; 0)) � lum(T(r m ; 0; 0))

lum(T(r M ; 0; 0)) � lum(T(r m ; 0; 0))
: (7.2)

Wemeasureandcomputehr for O(28) input valuesto samplethewholeinputspace.

Luminance Functions (Ql ; B ): We usea digital camerato reconstructQr (s; t) andB (s; t). Note

that, sincehl (i l ) is the samefor every coordinate(s; t), the maximumandminimum luminancefor

eachchannell are projectedfor the sameinputs, lm and lM respectively, wherehl (lm ) = 0 and

hl (lM ) = 1.
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Figure 7.2: Left: The maximumluminancefunction for greenchanneland the black luminance
functionfor a singleprojector. This �gur e givesan idea about their relativescales. Left: Zoomed
in view of theblack luminancesurface.

Let i m = (rm ; gm ; bm ). For input i m at all the displaycoordinates,the measuredluminance

of thedisplaylum(T(s; t; i m )) is theblackoffsetB (s; t). This canbederivedfrom Equation5.7by

substitutinghl (lm ) = 0,

lum(T(s; t; i m )) = B (s; t): (7.3)

Let usnow computeQr (s; t). Let i M = (rM ; gm ; bm ). Themeasuredluminanceprojectedat

all theprojectorcoordinatesfor input i M is derivedfrom Equation5.7as,

lum(T(s; t; i M )) = Wr (s; t) = Qr (s; t) + B (s; t): (7.4)

Intuitively, Wl givesthemaximumluminanceresponsefor a channell (W for “white”). Sowe call

Wr (s; t) themaximumluminancefunctionfor channelr . FromEquation7.4,

Qr (s; t) = Wr (s; t) � B (s; t): (7.5)

Thusestimatinghl , cl , Ql andB for everyprojector, wecanreconstructT(s; t; i ) from Equation

5.7.

ReconstructingEmineoptic Function of the Display

Oncewe computeTj (sj ; t j ; i ) for eachprojectorPj , we thenreconstructE (u; v; i ) usingEquation

5.10.E thusgeneratedfor aninput i = (1; 1; 0) is shown in Figure5.3.
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7.2 Modi�cation

The next stepis to modify the reconstructedE to a desired E 0 that achievescolor seamlessness.In

this sectionwe �nd suchanE 0. Sincemostdisplaywalls aremadeup of samemodelprojectors,we

assumethat cl is identical for all projectors[Majumder02b], andhence,chr(E (u; v; i )) is spatially

invariant. Only lum(E(u; v; i )) variesspatiallyandwe describehow we modify lum(E(u; v; i ) to

achievephotometricseamlessness.

7.2.1 Choosinga CommonDisplayTransfer Function

Thetransferfunctionhl (i l ) of a displaywith high contrastandintensityresolutionshouldsatisfythe

following threeconditions:hl (0) = 0, hl (1) = 1 andhl (i l ) is monotonic.For mostprojectors,hl (i l )

maynot satisfytheseproperties.For example,lm 6= 0 andlM 6= 1. So,we choosea commondisplay

transferfunctionfor eachchannelof all projectors,denotedby h0
l thatsatis�estheaboveproperties.

With thecommondisplaytransferfunctionh0
l (samefor all projectors),Equation5.10becomes

lum(E(u; v; i )) =
X

l2f r ;g;bg

0

@h0
l (i l )

X

j 2 N P

Ql j

1

A +
X

j 2 N P

B j : (7.6)

FromEquation7.5,

lum(E(u; v; i )) =
X

l2f r ;g;bg

0

@h0
l (i l )

X

j 2 N P

�
Wl j � B j

�
1

A +
X

j 2 N P

B j (7.7)

whereWl j andB j areluminancefunctionsof projectorPj .

7.2.2 Modifying DisplayLuminanceFunctions

In Equation7.7,let W l =
P

j 2 N P
Wl j becalledthemaximumdisplayluminancefunctionfor channel

l and B =
P

j 2 N P
B j be called the black display luminancefunction. While Wl and B are the

luminancefunctionsfor asingleprojector, W l andB aretheluminancefunctionsfor thewholedisplay.

ThusEquation7.7becomes,

lum(E(u; v; i )) =

0

@
X

l2f r ;g;bg

h0
l (i l ) (Wl (u; v) � B(u; v))

1

A + B(u; v) (7.8)

Note that the above equationfor the emineopticfunction of the wholedisplayis identicalto that of

a singleprojectorwhosetransferfunction is h0
l andthe luminancefunctionsareW l andB. Thus,by

82



Figure 7.3: Left: The maximumluminancefunction for greenchanneland the black luminance
function for a display madeof 5 � 3 array of �fteen projectors. This �gur e givesan idea about
their relativescales.Right: A zoomedin view of theblack luminancesurfacefor thewholedisplay.

Figure7.4: Reconstructeddisplayluminancefunctionof greenchannelfor a 2� 2 arrayof projectors
(left) and 3 � 5 array of projectors (right). Thehigh luminanceregionscorrespondto the overlap
regionsacrossdifferentprojectors.
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matchingthe input transferfunctions,we have madethemulti-projectordisplayidenticalto a single

projectordisplay. Figure7.3shows theluminancefunctionsfor thewholedisplay. Comparethis with

Figure7.2which illustratesthesingleprojectorcase.But notethat,unlike a singleprojectordisplay,

Wl andB of themulti-projectordisplayhave sharpdiscontinuitieswhich resultin perceivableedges.

As anadditionalillustration,Figure7.4showsWg for a four and�fteen projectordisplay.

Figure 7.5: Left: Reconstructeddisplay luminancefunctionof greenchannelfor a 3 � 5 array of
projectors Right: Smoothdisplay function for greenchannelachieved by applying the smoothing
algorithmon thedisplayluminancefunctionin theleft �gur e.

So,we modify W l (u; v) andB(u; v) by smoothingthemto W 0
l (u; v) andB0(u; v) respectively

to removetheperceptiblediscontinuities.At thesametime,themodi�cation is designedin suchaway

that W 0
l (u; v) andB0(u; v) areascloseto W l (u; v) andB(u; v) aspossibleto maintainthe original

high dynamicrange.We call themethodto achieve this smoothingastheconstrainedgradient-based

smoothingandis explainedin detail in the following section.TheW 0
l (u; v) thusgeneratedis called

thesmoothmaximumdisplayluminancefunctionfor channell andB0(u; v) is calledthesmoothblack

display luminancefunction. Figure7.5 shows W 0
g(u; v) for a �fteen-projector display. Figure7.9

shows thesmoothingwith differentsmoothingparameters.

Theluminanceof themodi�ed desiredemineopticfunctionE 0(u; v; i ) thusgeneratedis

lum(E 0(u; v; i )) =

0

@
X

l2f r ;g;bg

h0
l (i l )

�
W 0

l (u; v) � B0(u; v)
�
1

A + B0(u; v) (7.9)

Wheneachof W 0
l (u; v) andB0(u; v) is smooth,lum(E 0(u; v; i )) is alsosmoothandsatis�esInequality

6.2to achievephotometricseamlessness.
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7.2.3 ConstrainedGradientBasedSmoothing

In this sectionwe presenttheconstrainedgradientbasedsmoothingalgorithmthat is usedto modify

Wl (u; v) to W 0
l (u; v). Sincethevariationin B(u; v) is almostnegligible whencomparedto thescale

of Wl (u; v), we approximateB0(u; v) by B0(u; v) = max8u;v B(u; v) since this is the minimum

luminancethatcanbeachievedatall displaycoordinates.
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Figure 7.6: Theproblem: Theleft �gur e showsthereconstructedmaximumluminancefunction,the
middle�gur eshowstheimageto bedisplayedandtheright �gur eshowstheimageseenbytheviewer.
Notethat this image is distortedby theluminancevariationof thedisplay.

W'

PIXELSPIXELSPIXELS

LU
M

IN
A

N
C

E

LU
M

IN
A

N
C

E

IN
P

U
T

 V
A

LU
E

S

40.0 1.0 40.0

0.00.00.0

l
I l R l

Figure 7.7: Photometricuniformity: Theleft �gur e showsthemodi�ed luminancefunction,and the
right showsthe image seenby the viewer. Notethat the image seenby the viewer thoughsimilar to
image to bedisplayed,it hassigni�cant reductionin dynamicrange.

The Problem

For simplicity of explanation,we assumeB(u; v) to be zero in this section. Let an imageI l (u; v),

whosevalueat every displaycoordinate(u; v) is i l beprojectedon thedisplaywall. As perEquation
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Figure7.8: Optimizationproblem:Thedisplayluminanceresponseis modi�ed to achieveperceptual
uniformitywith minimallossin displayquality.

7.8,theresultingimageR l (u; v) is givenbymultiplicationof W l (u; v) andI l (u; v), asshown in Figure

7.6(For illustrationpurposes,we usea onedimensionalW l andI l ). Notethattheimageprojectedby

thedisplayI l (u; v) andtheresultobservedby theviewer R l (u; v) aredifferentandthedifferenceis

dictatedby thevariationin W l (u; v).

To make Rl (u; v) similar to I l (u; v), we can modify W l (u; v) to be a constantfunction,

W 0
l (u; v), as shown in Figure 7.7. This, by de�nition, is a photometricallyuniform display

[Majumder02a],but leadsto poor utilization of display capabilities and signi�cant reduction in

dynamicrange.

Optimization Problem

To avoid this, as mentionedin Section6.2, we posethe problemof achieving seamlessnessas an

optimizationproblemwherewe aim to �nd a W 0
l (u; v) that minimizesthe discontinuitiesto assure

perceptualuniformity while maximizingthe utilization of displaycapabilitiesto assurehigh display

quality, as shown in Figure 7.8. Perceptionstudieshave found that humansare most sensitive to

signi�cant luminancediscontinuitiesand insensitive to smoothchanges[Chorley81, Goldstein01,

Valois88,Lloyd02]. WhenI l is displayedon sucha W 0
l (u; v), the differencebetweenR l (u; v) and

I l (u; v), thoughmeasurablypresent,is imperceptibleto ahumanobserver.

Formally, W 0
l (u; v) is de�ned by thefollowing optimizationconstraints.

Capability Constraint: This constraintensuresthat W 0
l never goesbeyond the displaycapabilityof

Wl .

W 0
l � Wl : (7.10)
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Perceptual Uniformity Constraint: This constraint assuresthat W 0
l has a smooth variation

imperceptibleto humans.
@W 0

l

@x
�

1
�

� W 0
l : (7.11)

where� is thesmoothingparameterand @W 0
l

@x is thegradientof W 0
l alongany directionx. Compare

Inequality7.11with Inequality6.2. Our empiricalresultsshow thattheluminanceresponsesof most

singleprojectordisplayssatisfyInequality7.11.

DisplayQuality OptimizationFunction: Theabove two constraintscanyield many feasibleW 0
l . To

assureminimum lossin displayquality we choosethe W 0
l that is the closestto W, i.e. the W 0

l that

minimizesWl � W 0
l .

Figure 7.9: This showsthe smoothluminancesurfacefor different smoothingparameters. Left:
Reconstructeddisplayluminancefunctionof greenchannelfor a 2 � 2 array of projectors Middle:
Smoothdisplay function for greenchannelachieved by applying the smoothingalgorithm on the
display luminancefunction with � = 400. Right: Smoothingapplied with a higher smoothing
parameterof � = 800to generatea smootherdisplaysurface.

Linear Programming Formulation

We show that theabove optimizationconstraintsandobjective canbeexpressedaslinear functions.

Therefore,it canbesolvedoptimallyusinglinear programmingin lineartime.

Equations7.10 and 7.11 assumeboth W l (u; v) and W 0
l (u; v) to be continuousfunctions.

In practice, the sampleddiscreteversion of thesefunctions are denotedby w[u][v] and w0[u][v]

respectively. The constraintsand the objective functionscanbe describedon w[u][v] andw0[u][v]

asfollows.

CapabilityConstraint: Thiscanbeexpressedas

w0[u][v] < w[u][v], 8u; v:
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PerceptualUniformity Constraint: For eachof the eight neighbors(u0; v0) of a pixel (u; v), where

u0 2 f u � 1; u; u + 1g andv0 2 f v � 1; v; v + 1g, thegradientwhenexpressedusinga linear �lter

producesthelinearconstraint

jw0[u][v]� w0[u0][v0]jp
ju� u0j2+ jv� v0j2

� 1
� w0[u][v]; 8u; v; u0; v0:

DisplayQuality OptimizationFunction: If L w � Hw is thesizeof thedisplay, theobjective function

becomes

maximize
P H w

u=1
P L w

v=1 w0[u][v].

Alter nativeOptimal Algorithm

Wehavedevelopedaniterativealgorithmthatachievesthesameresult.

Initialize

0. minv al = min 8i;j (d[i ][j ]);

1. forall (i; j ); d0[i ][j ] = minv al; endfor;

2. knot points = f (i; j )jd0[i ][j ] = d[i ][j ]g;

3. f r ee points = f (i; j )j(i; j ) 62knot pointsg;

4. absolute static = � ;

5. forall (i; j ); dist [i ][j ] = d[i ][j ] � d0[i ][j ];endfor;

Repeat

6. mindist = min 8(i;j )2 f r ee points dist [i ][j ]

7. minal lowance= M AX I N T ;

8. forall (i; j ) 2 knot points

9. neighbor = f (k; l )jk 2 f i � 1; i; i + 1g; l 2 f j � 1; j ; j + 1gg

10. forall (e;f ) 2 neighbor

11. if (e;f ) 2 f r ee points then

12. delta = (1 + w) � d0[i ][j ] � d0[e][f ]

13. endif

14. minal lowance= min (delta; minal lowance)
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15. endfor

16. endfor

17. distance to be moved = min (minal lowance;mindist );

18. forall (i; j ) 2 f r ee points,

19. d0[i ][j ] = d0[i ][j ] + distance to be moved;

20. dist [i ][j ] = dist [i ][j ] � distance to be moved;

21. endfor

22. forall (i; j ) 2 f r ee points,

23. if dist [i ][j ] = 0 then

24. knot points = knot points [ (i; j );

25. f r ee points = f r ee points � (i; j );

26. endif

27. forall (i; j ) 2 knot points

28. neighbor = f (k; l )jk 2 f i � 1; i; i + 1g; l 2 f j � 1; j ; j + 1gg

29. forall (e;f ) 2 neighbor

30. if (e;f ) 2 f r ee points then

31. delta = (1 + w) � d0[i ][j ] � d0[e][f ]

31. endif

32. if delta = 0 then

33. knot points = knot points [ (e;f );

34. f r ee points = f r ee points � (e;f );

35. endif

36. endfor

37. endfor

38. forall (i; j ) 2 knot points

29. neighbor = f (k; l )jk 2 f i � 1; i; i + 1g; l 2 f j � 1; j ; j + 1gg

40. if neighbor � (knot points [ absolutelystatic ) then

41. absolute static = absolute static [ (i; j );

42. knot points = knot points � (i; j );
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43. endfor

44. Until knot points = f r ee points = �

At any iteration,the pointsin d0 canbe free, knot or absolutelystatic. Initially all the points

arefree. At the�rst step,all thepointsof d0 that touchesd aresetasknot points.Every time a point

in d0 reachesd or cannotgo up any further basedon the gradientconstraint,it becomesa knot and

cannotmove any furtherup. If all theeightneighborsof a knot arealsoknots,thentheknot is made

anabsolutelystaticpointafterwhichnocomputationis alsoappliedto it.

In eachiteration,wemoveup thefreepointsby a �x edamount.Thisvalueis decidedin sucha

waythatd0doesnotviolateany of theconstraints.Thenwe�nd whichfreepointswhichhavebecome

knotsandthe knotswhich have becomeabsolutelystaticandproceedwith our next iteration. The

algorithmendswhenall thepointshavebecomeabsolutelystatic.

Lines 0 � 5 initializes d0 andthe setsknotpoints , f r ee points andabsolutely static . The

datastructuredist recordsthedistanceof d0from thecorrespondingpoint in d. Lines6� 43describes

eachiteration. In line 6 we �nd theminimumdistanceof any freepoint in d0 from its corresponding

point in d designatedby mindist . This satis�es the capabilityconstraint. In lines 8 � 15 we �nd

the minimum distancea free point in d0 canbe lifted up while maintainingthe gradientconstrained

designatedby minal lowance. In line 17� 21wepushall thefreepointsin d0upby theminimumof

mindist andminal lowance. In line 22� 26we�nd thenew knotsbasedonthecapabilityconstraint.

In lines27 � 37 we �nd thenew knotsbasedon thegradientconstraint.In lines38 � 43 we �nd the

knotswhichbecomesabsolutelystatic.Thenwerepeattheiterationsuntil all thepointsareabsolutely

static.

7.3 Reprojection

Thegoalof reprojectionis to achieve themodi�ed emineopticfunctionE 0(u; v; i ) givenby Equation

7.9. We have modi�ed W l and B and also the transferfunction hl for eachprojector. However,

theseparameterscannotbe changedwith the precisionrequiredto achieve the modi�ed emineoptic

function.Hence,wedonotmodify themodelparametersandachieve thedesiredresponseaccurately

by changingonly theinput i l ateveryprojectorcoordinate.
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7.3.1 RetainingActual LuminanceFunctions

To achievethedesiredresponsein Equation7.9wemodify theinput i l (u; v) in Equation7.8to i 0
l (u; v)

suchthat 0

@
X

l2f r ;g;bg

h0
l (i

0
l ) (Wl � B)

1

A + B =

0

@
X

l2f r ;g;bg

h0
l (i l )

�
W 0

l � B0�
1

A + B0 (7.12)

Thei 0
l thatsatis�estheaboveequationis

h0
l (i

0
l (u; v)) = h0

l (i l (u; v))Sl (u; v) + Ol (u; v); (7.13)

where

Sl (u; v) =
W 0

l (u; v) � B0(u; v)
Wl (u; v) � B(u; v)

; Ol (u; v) =
B0(u; v) � B(u; v)

3(Wl (u; v) � B(u; v))
(7.14)

ThescalingmapSl , andtheoffsetmapOl arecalledthedisplaysmoothingmapsfor channell .

Fromthesedisplaysmoothingmaps,wegeneratetheprojectorsmoothingmaps, Sl j (sj ; t j ) and

Ol j (sj ; t j ) for channell of projectorPj as,

Sl j (sj ; t j ) = Sl (Gj (sj ; t j )); Ol j (sj ; t j ) = Ol (Gj (sj ; t j ))

where(u; v) = Gj (sj ; t j ) (Referto Section5). Notethatit canbeprovedthattheabove computation

of Sl j andOl j is correct,andwe shouldnot computethembasedon the luminancecontribution of

individualprojectors.

Using theseprojectorsmoothingmaps,the modi�ed input i 0
l of projectorPj at coordinate

(sj ; t j ) hasto becomputedsuchthat

h0
l (i

0
l (sj ; t j )) = h0

l (i l (sj ; t j ))Sl j (sj ; t j ) + Ol j (sj ; t j ) (7.15)

7.3.2 RetainingActual Transfer Function

Thegoalof thissectionis to �nd theinput�i (sj ; t j ) thatwouldmake

hl j (�i (sj ; t j )) = h0
l (i

0
l (sj ; t j )) : (7.16)

For that, let us �rst assumea hypotheticalfunction A l j that transformsthe projectorchannelinput

transferfunctionhl j of projectorPj to thecommondisplaytransferfunctionh0
l .

h0
l (i

0
l ) = hl j (A l j (i 0

l )) (7.17)
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Thus,comparingEquation7.16and7.17,we �nd,

�i (sj ; t j ) = A l j (i 0
l ) (7.18)

So,thegoalof this sectionis to �nd A l j .

Towardsthatend,I introducethefunction

H l j = A l j h0� 1

l (7.19)

Notethatthecompositionof hl j (H l j ) is anidentity function.

H l j = h� 1
l j

(7.20)

Thus,in effect, theH l j is inverseof theprojectorchannelinput transferfunctionandcanbedirectly

computedfrom hl j for every projector. We call H l j , theprojectorchannellinearizationfunctionfor

channell of projectorPj . This is illustratedin Figure7.1.

The next thing to noteis that the compositionof the projectorchannellinearizationfunction,

H l j , andthe commondisplay transferfunction, h0
l , givesus the hypotheticalfunction A l j for each

projector.

A l j = H l j h0
l (7.21)

Thus,from Equation7.18and7.21,wenow �nd

�i l (sj ; t j ) = H l j (h0
l (i l (sj ; t j ))Sl j (sj ; t j ) + Ol j (sj ; t j ))) (7.22)

Intuitively, Equation7.22canbeexplainedasfollows. Smoothingmapsassumeinputsdesigned

for lineardevices.Thefunctionh0
l convertsaninput generatedfor a non-lineardevice to aninput for

a lineardevice. Finally, they needto beconvertedbackto inputssuitablefor thenon-linearprojectors.

Theprojectorspeci�c H l j achievesthisconversion.

Thus,all the modi�cations we make to achieve a seamlessE 0 is broughtinto effect by only

changingthe input i l (sj ; t j ) to beprojectedby eachchannell of eachprojectorPj at its coordinates

(sj ; t j ).

7.4 Chrominance

The algorithm just presentedsolves the restrictedproblemof achieving photometricseamlessness

acrossmulti-projectordisplays. However, the chrominancevariation acrosssuchdisplays,though
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much insigni�cant when comparedto the magnitudeof the luminancevariation problem, is not

entirelynon-existent.So,in future,weneedto addressthechrominancevariationproblem,weneedto

reconstructthechrominancefunctions.So,herewebrie�y explainhow to reconstructthechrominance

functions.

ReconstructingChannel Chrominance(cl ): Similarly, measuringthechrominanceof any input i R

shouldideally give cr . But, dueto the black offset, this is not true. We measurethe chrominance

chr(T(s; t; (r M ; 0; 0))) . FromEquation5.7andfrom thede�nition of � , weknow that

chr(T(s; t; (r M ; 0; 0))) =
cr Qr (s; t) + cB B (s; t)

Qr (s; t) + B (s; t)
: (7.23)

Wecancomputecr from thisequationbecauseall otherparametersareknown.

7.5 Enhancementsto Addr essChrominance

However, note that chrominanceis by de�nition dependenton the luminance(Refer to Section

4.2). Thushandlingthe chrominancevariation is not a mereextensionof the algorithmto achieve

photometric(luminance)seamlessness.Instead, including chrominancewhile maintaining both

perceptualuniformity andhigh displayquality canbe shown to be a � ve dimensionaloptimization

problem.Further, sinceluminanceis well quanti�ed in theperceptualliterature,it is relatively easyto

designquantitative objective functionsfor suchanoptimization.This becomesincreasinglydif�cult

whenchrominanceis involved.

In the currentalgorithm,we have only correctedfor the perceptualluminancevariations. It

hasbeenshown in Chapter4, thatmany of thechrominanceblotchesaremanifestationof luminance

variationswhich hasnot addressedin our algorithm. From the limitations of the humanvision and

the resultsachieved from our algorithmto achieve photometricseamlessness(presentedin Chapter

8), it is evident that correctingfor the luminancevariationproblemcantake us a long way towards

achieving perceptuallyuniform high quality displays.Thus,it is worth while to augmentthecurrent

algorithmwith otherkindsof luminancecorrectionsin futureandquantify theamountof perceptual

seamlessnessthatcanbeachievedby addressingtheluminancealone.
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CHAPTER8

System

In thischapterwewill describetheimplementationof thealgorithmpresentedin theprecedingsection

in details.This systemwasimplementedanddemonstratedon threedifferentmulti- projectordisplay

wallsatArgonneNationalLaboratory(a5� 3 arrayof �fteen projectors,a3� 2 arrayof six projectors

anda2 � 2 arrayof four projectors).
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Figure8.1: Systempipeline

The systempipelineis illustratedin Figure8.1. The reconstruction,modi�cation andpart of

thereprojectionaredoneoff-line. Thesecomprisethecalibration step.Theoutputof this stepis the

projectorsmoothingmapsandthe channellinearizationfunction. Thesearethenusedin the image

correction stepto correctany imageprojectedon the display. This imagecorrectionstepcan be

implementedin real-timeusingcommoditygraphicshardware.Both thecalibrationandtherealtime

imagecorrectionstepsarediscussedbelow.



8.1 Calibration

Let usnow seethedetailsof thecalibrationprocedure.

8.1.1 GeometricCalibration

First, we performa geometriccalibrationprocedurethatde�nes thegeometricrelationshipsbetween

the projector pixels (sj ; t j ), camerapixels (x; y) and the display pixels (u; v). This geometric

calibrationprocedureusesthe static camerato take picturesof someknown static patternsput up

on thedisplay. By processingthesepictures,thegeometriccalibrationprocedurede�nes two warps:

GPj ! C (sj ; t j ) whichmapsapixel (sj ; t j ) of projectorPj to thecamerapixel (x; y), andGC! D (x; y)

which mapsa camerapixel (x; y) to a displaypixel (u; v). The concatenationof thesetwo warps

de�nes GPj ! D (sj ; t j ) which mapsa projectorpixel (sj ; t j ) directly to displaypixel (u; v). These

three warps give us the geometricinformation we needto �nd the luminancefunctions of each

projector.

Severalgeometriccalibrationalgorithmshave beendesignedin thepast[Yang01,Raskar99b,

Raskar99a].Any geometriccalibrationalgorithmthatcande�ne accuratelythetwo warpsGPj ! C and

GC! D canbeusedfor ourmethod.For our implementation,weuseageometriccalibrationprocedure

thatde�nestwo cubicnon-linearwarpsGPj ! C andGC! D . Thesenon-linearwarpsincludetheradial

distortioncorrectionfor boththecameraandtheprojectors.Thiswarpcanbeimplementedin realtime

on traditionalgraphicspipelineusingtexturemapping.Thedetailsof this algorithmareavailablein

[Hereld02].

8.1.2 MeasuringChannelIntensityResponseof Camera

First,wereconstructthenon-linearintensitytransferfunctionfor eachchannelof thecamerausingthe

algorithmof [Debevec97].This is thenusedto linearizeperchannelresponseof everycameraimage.

This is shown asthecamera linearizationstepin Figure8.1.

8.1.3 MeasuringChannelTransfer Function of Projector

As mentionedin Chapter4, the projector input channeltransferfunction doesnot vary spatially.

Hence,we usea narrow �eld of view photometerto measurethe per channelnon-linearluminance

responseat the centerof every projector. From this we �nd the channellinearizationfunction H l j
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for eachchannelof eachprojectorwhich is representedby a LUT thatwould linearizethis luminance

response.This is usedfor all coordinatesof theprojector.

8.1.4 DataCapturefor MeasuringtheLuminanceFunctions

Figure8.2: To computethemaximumdisplayluminancesurfacefor greenchannel,weneedonly four
pictures.Top: Picturestakenfor a displaymadeof a 2� 2 arrayof 4 projectors. Bottom:Thepictures
takenfor a displaymadeof a 3 � 5 arrayof 15projectors.

To reconstructthespatiallyvaryingluminancefunctionsweuseahighresolutiondigital camera.

Thecamerais setatapointfrom wherethewholedisplayis coveredin thecamera's�eld of view. Then

we take a setof imagesof themulti-projectordisplayfor thegeometriccalibration.Thenkeepingthe

camerain thesamelocation,wecapturetheimagesto reconstructtheluminancefunctions.To reduce

thenumberof cameraimagesrequiredto reconstructtheprojectorluminancefunctions,measurements

from multiplenon-overlappingprojectorsarecapturedin thesameimage.Figure8.2showsthecamera

imagesusedto computeWg for all projectorsin two of our displaycon�gurations. (Similar images,

but atdifferentexposure,aretakento reconstructB .) Following examplefrom [Debevec97],werelate

the imagesof differentexposuresby a scalefactor. This scalefactor is determinedby dividing the

exposureto which theimageis transformedby theexposureatwhich theimagewascaptured.

8.1.5 MeasuringProjectorLuminanceFunctions

Reconstruction

Next wegeneratetheluminancefunctionsfor everyprojectorPj . For this,we�rst linearizethecamera

imagesandthentransformtheRGB datato luminanceusingstandardRGB to XYZ transformations.

Next we apply the geometricwarp GPj ! C on every projectorpixel (sj ; t j ) andtransformit to the
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cameracoordinatespaceandreadthe luminanceat that transformedpixel from the luminanceof the

cameraimagesusingbilinearinterpolation.

CleaningUp MeasuredData

The projector luminancefunctionsthus generatedhave noiseand outliers due to hot spotsin the

projectorsand/orthecameraandthenatureof thescreenmaterial.Thenoiseis removedby a Weiner

�lter andtheoutliers,by amedian�lter . Theuser-providedkernelsfor these�lters arereferredto asthe

outlier removal andthenoiseremoval parametersrespectively in Figure8.1. Thekernelof the�lters

is chosenby studyingthe frequency of the outliersandthe naturesof the noisein the reconstructed

luminancefunctions.

Figure8.3: Left: Resultwith noedgeattenuation.Right: Edgeattenuationof themaximumluminance
functionof a singleprojector.

EdgeAttenuation

Theprojectorsmoothingmapsgeneratedin thereprojectionstageusuallyshow a sharpdiscontinuity

at theprojectorboundarieswherethetransitionfrom overlapto non-overlapregionoccurs.Geometric

misregistrationof this edge,even by onepixel, createsan edgeartifact asshown in Figure8.3. To

increasetherobustnessof ourmethodagainstsuchmisregistrations,we introduceanedgeattenuation

process.By this process,we attenuatethe luminanceof a few pixels at the boundaryof projector

luminancefunctions(Wl j andB j ) usinga cosineor a linear function. Theedgeattenuationis done

completelyin softwareanddoesnot involve any new measurementor changein the reconstruction

process.So, the attenuationwidth canbe setto any valuelessthanthe width of the overlapregion.
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Note that, we just needan approximateknowledgeof the overlapwidth availableandnot the exact

correspondencebetweenprojectorsin theoverlapregion.

Let the edgeattenuationfunction be F j (sj ; t j ). The edge-attenuatedprojector luminance

functionsaregivenby

W a
l j = Wl j � Fj ; B a

j = B j � Fj

Theedge-attenuateddisplayluminancefunctionsW a
l andBa aregeneratedfrom W a

l j andB a
j using

Equation7.7 and7.8. Theseedge-attenuatedsmoothdisplayluminancefunctions,W a0

l andBa0
, are

generatedfrom W a
l andBa usingtheconstrainedgradient-basedluminancesmoothing.Thepictures

in Figure7.4 includethisedgeattenuation.

8.1.6 DisplayLuminanceSurfaceGeneration

Oncewe have the projectorluminancefunctionsfor every projectorPj , we �nd the contribution of

everyprojectorat (u; v) by theinversewarpof GPj ! D denotedby GD ! Pj (u; v) andaddthemup.

8.1.7 SmoothingMap Generation

To accountfor the edgeattenuation,the display smoothingmapsare generatedfrom the display

luminancefunctionsby

Sa
l (u; v) =

W a0

l � Ba0

W a
l � Ba ; Oa

l (u; v) =
Ba0

� Ba

3(W a
l � Ba)

(8.1)

Sa
l (u; v) is calledtheattenuationmapsinceit is usedto scalethe input in the reprojectionstepand

conceptuallyachievesthe attenuationof reconstructedluminancefunction to the smoothluminance

function.Oa
l (u; v) is calledtheoffsetmapsinceit is addedto thescaledinput in thereprojectionstep

andis conceptuallyusedto correctfor theblackoffset.

8.1.8 ProjectorSmoothingMap Generation

Finally, theprojectorsmoothingmapsshouldbegeneratedasfollows.

Sa
l j = Sa

l (Gj (sj ; t j ))Fj ; Oa
l j = Oa

l (Gj (sj ; t j ))Fj (8.2)

Figure8.4shows thescalingmapthusgeneratedfor thewholedisplayandoneprojector.
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Figure8.4: Left: Displayattenuationmapfor a 3� 5 projectorarray. Right: Theprojectorattenuation
mapfor oneprojector.

Figure8.5: ImageCorrectionPipeline.
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8.1.9 ImageCorrection

The smoothingmapsgeneratedby Equation8.2 in the calibrationstepis usedto correctany image

projectedon the displayusingEquation7.22. In Equation7.22,we know all the parametersin the

right handsideof theequationexcepth0
l (i l ). This canbeany arbitrarymonotonicfunctionsuchthat

h0
l (0) = 0 andh0

l (1) = 1. In our implementationwe useh0
l (i l ) = i 2

l which producesa pleasing

appearancein thetestimagery.

Real-time Implementation

Figure 8.6: Left: Image from a singleprojector before correction. Right: Image after correction.
Notethat the boundariesof the correctedimage which overlapswith other projectors are darker to
compensatefor thehigherbrightnessin theoverlapregion.

We achieve the image correctionin real time using pixels shaders in commodity graphics

hardwareto do perpixel color correction.Multi-texturing is usedfor applyingh0
l andthesmoothing

maps. Due to unavailability of 1D look up tables,the channellinearizationfunction H l j is applied

usingdependent2D texturelook-ups.Figure8.6illustratestheeffectof applyingthiscorrectionto the

imagefrom asingleprojector. Figure8.5shows thepipelineof theimagecorrection.

8.2 Results

We have applied our algorithm to display walls of different sizes. Figure 8.7 shows the digital

photographsof our resultson a 2 � 3 arrayof six projectors,3 � 5 arrayof �fteen projectors,and

a2 � 2 arrayof four projectors.Figure8.8comparestheresultsof ourmethodwith onethatachieves

photometricuniformity.
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Figure8.7: Digital photographsof actualdisplaysmadeof 3� 5, 2� 2 and2� 3 arrayof projectors.
Left: Beforecorrection.Right: After constrainedgradientbasedluminancesmoothing.

Figure 8.8: Digital photographsof a �fteen projector tiled display. Left: Before any correction.
Middle: Afterphotometricuniformity. Right: After constrainedgradientbasedluminancesmoothing.
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In theprintoutof thispaperor onasmalldisplaymonitor, sincetheresultsareshown asascaled

down image,thethresholdfor detectingthecolor non-uniformityis lower thanwhenthesameresults

areprojectedin theactual10� 6 feetdisplay.

8.3 SmoothingParameter

Figure 8.9: Digital Photograph of a �fteen projector tiled display. Left: Before any correction.
Middle: Resultswith smoothingparameterof � = 400. Right: Resultswith smoothingparameter
of � = 800.

Humanscan tolerate about 1 � 15% variation is luminanceper degree of visual angle

[Lloyd02, Chorley81]. Let us denotethis thresholdwith � . The parameter� de�nes the per pixel

relative luminancevariationthata humanbeingcantolerateandcanbeestimatedfrom theexpected

perpendiculardistanced of theuserfrom thewall andtheresolutionr of thedisplayin pixelsperunit

distance.

� =
d � �

180 � r
�

(8.3)

Thecamerapositionusedtocalibratethewall maybesafeestimateof theuserpositionandr can

befoundfrom thephysicalmeasurementsof thesizeof thewall. For example,for our �fteen projector

wall of size10 � 6 feetandresolution4500� 2000, thenumberof pixelsper inch is approximately

30. We assumethattheuseris about6 feetaway from thewall, andthenapplyingtheabove equation

and� of 10%, we �nd thatw is approximately400.

With adecreasein thesmoothingparameter, thesurfacebecomeslesssmoothperceptually, but

theaveragedynamicrangeof thedisplayincreases.Figure8.9showsanexample.

However, oneimportantthing to notehereis thatthetolerancethresholddependson theimage

content. For example,when watchinga movie with high frequency imagecontent,the tolerance

thresholdis higher, thehighestbeing15%. But for adesktopor slidepresentationenvironment,which

involvesmostly �at colors, the thresholdis much lower. Thus, the ideal smoothingparameternot
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only dependson thedisplayresolutionandthedistanceof theviewer from thedisplay, but alsoon the

speci�c imagecontent.

8.4 Scalability

Whendealingwith very high resolutionwalls, thelimited cameraresolutioncanaffect thescalability

of our algorithm. We presentherea scalableversionof our algorithm wherewe change only the

methodfor reconstructingthedisplayluminancefunction. We reconstructthe luminancesurfacefor

partsof thedisplayat a time andthenstitch themtogetherto generatethe luminancesurfacefor the

wholedisplay.

Figure8.10 illustratesthe procedurefor a displaywall madeup of four projectors.First, we

placethecameraat positionA whencamera's �eld of view seesthewholedisplay(four projectors)

andrunageometriccalibrationalgorithm.Thegeometricwarpsfrom thisprocessaredenotedby GA .

A

B1 B2

D

2
1

3 4

Figure 8.10: Left: Thecamera andprojectorsetup for our scalablealgorithm; Right: Seamsvisible
whenthedisplayis viewedfromobliqueanglesdueto non-Lambertiancharacteristicsof thedisplay
surface.

Next we move thecamerato B and/orchangethezoomto gethigherresolutionviews of parts

of thedisplay. We rotatethecamerato seedifferentpartsof thedisplay. For example,in Figure8.10,

the cameraseesprojectorsP1 andP2 from B1 andprojectorsP3 andP4 from B2. We performour

geometriccalibrationfrom theorientations,B1 andB2 andlet thecorrespondinggeometricwarpsbe

GB 1 andGB 2 respectively.
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We alsotake thepicturesfor our color correction(similar to Figure8.2) from B 1 andB2. We

reconstructW a
l for P1 andP2 from thepicturestakenfrom B1 usingGB 1 andfor P3 andP4 from the

picturestakenfrom B2 usingGB 2 . We stitchtheseprojector luminancefunctionsusingthecommon

geometricwarp GA to generatethe display luminancefunctions. The rest of the processremains

exactly thesame.Pleasenotethatwe �nd theluminanceresponsefrom locationB only. Figure8.11

illustratestheresult.

Figure 8.11: Digital photograph of eight projector tiled displayshowingthe resultof our scalable
algorithm. The display luminancefunction for the left and right four projector con�gurations are
reconstructedfromtwo differentorientations.Thedisplayluminancesurfacefor theeightprojectors
is stitchedfromthese. Left: Beforecorrection.Right: After correction.

8.5 Other Issues

8.5.1 Black Offset

Typically, Ba is less than 0:4% of W a
l and has negligible effect on the smoothingmaps. We

implementedanalternateversionof our systemassuminga blackoffsetof zero. Exceptfor a slight

increasein thedynamicrange,theresultswerevery similar to thoseproducedby our implementation

without thisassumption.Wedid notseeagreatimprovementin blacksdueto largequantizationerrors

neartheblackregion of theinputs.Further, thesoftwareedgeattenuation,discussedin Section8.1.5,

cannotachieve therequiredfeatheringfor theblacks.Thus,blackimagesstill show faint seams.This

canonly be alleviatedby somephysical or optical edgeattenuationthat can truly featherthe light

projectedfor black.

8.5.2 ViewDependency

Since the screensof the systemswe usedto demonstrateour algorithm are non-Lambertian,our

correctionis accuratefrom the position of the camera. However, the result looks seamlessfor an
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wide rangeof viewing angleanddistancesfrom thewall. However, the resultlooksseamlessfor an

wide angleof 120� 150 degreesandshows someseamswhenviewed extremelyobliqueanglesas

shown in Figure8.10.

8.5.3 WhiteBalance

Our methodgeneratesper-pixel attenuationmap for eachchannel. Since eachchannelmay get

attenuateddifferently, the grays may not be retainedas grays when transformedby the these

attenuationmaps. This may lead to faint color blotchesin the results. Hence,we usethe maps

generatedfor the greenchannelfor all channels.Sincethe natureof luminancevariationis similar

acrossthethreechannels,thesmallinaccuraciesintroducedby thisdonotshow any visibleartifacts.

8.5.4 DynamicRange

It is importantfor thebrightnessof eachprojectorto bewell within thedynamicrangeof thecamera.

This canbeveri�ed by simpleunderor over saturationtestsof thecameraimages.In displaywalls

madeof many projectorstheremay be large brightnessvariationacrossprojectors. In suchcases,

thecameraexposureshouldbeadjustedto accommodatefor this variation. This changein exposure

shouldbe taken into accountby appropriatescalingfactorswhile generatingthe luminancesurface

[Debevec97].Usingthesameexposurefor all projectorsleadsto contouringartifactsasseenin a few

results.

8.5.5 Accuracyof GeometricCalibration

Our display had pixels about2:5mm in size. A misalignmentof even a coupleof pixels in the

reconstructedluminanceresponsecancauseperceived discontinuitieswithout the edgeattenuation.

Theedgeattenuationalleviatesthesituationandwecantolerategreatererrorsof about5 � 6 pixelsin

thedisplayspace.
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CHAPTER9

Evaluation Metrics

In the precedingchapterswe have presentedan algorithm to achieve photometricseamlessnessin

multi-projectordisplays.Our resultsin theChapter8 show thatwe have achievedseamlessdisplays

thatproducehigh quality images.But, we needto quantifyhow goodthis displayis to compareour

methodwith otherexistingmethods,or eventheresultsof ourownmethodwhendifferentperformance

parametersareused.In thischapterwepresentsuchanevaluationmetricthatcanquantifythequality

of thephotometricseamlessnessachieved.

There has beenmany work in the past on quantifying image quality by designingsome

perceptualerror metric [Lubin95, Daly93, Pattanaik98, Ramasubramanian99, Ferwerda97]. These

metricshave beenusedin the graphicsandvision communityto compareimagequality, especially

for imagesynthesisandcompressiontechniques.Most of thesetechniquescompareimagesagainsta

goldenreference.For example,for compressiontechniquesthegoldenreferenceis anuncompressed

imageagainstwhich imagescompressedusingdifferentcompressiontechniquescanbe compared.

For imagesynthesis,animagegeneratedusingsomephysically-basedmodellike global illumination

is usedasagoldenreferenceandimagesgeneratedby othertechniquesarecomparedwith thisgolden

reference.

Theproblemwe facewhile usingsuchanalgorithmto evaluatetheresultsfrom our algorithm

is thelack of such a goldenreference. Thedigital imagethatwe areprojectingon thedisplayshould

be our goldenreference.But whenwe put it on the display (both correctedanduncorrected)and

capturea digital imageof theprojectedimageryusinga camera,we have alreadygonethroughtwo

differentcolorspaces,oneof theprojectorsandtheotherof thecameras.Thus,it doesnotmakesense

to comparethedigital photographof theprojectedimagerywith theoriginal digital imageto �nd the

difference.So,I designedanew metricto comparetheluminancepropertiesof thedisplaybeforeand

aftercorrection.



9.1 Goal

The basicapproachof our algorithmhasbeento achieve perceptuallysmoothluminancevariation

while maximizingthemeandynamicrangeof thedisplay. Note that theuncorrecteddisplayhasthe

maximummeandynamicrange. Any correctionwould only reducethe meandynamicrangeof the

display. But this uncorrecteddisplay is signi�cantly different from the original digital imagejust

becauseof the differencein appearancecauseddueto the luminancevariationof the display. The

otherextremeis adisplaythatis photometricallyuniform. This is similar in appearanceto theoriginal

digital imagebut signi�cantly differentthanit in dynamicrange.Theidealsolutionliessomewherein

betweenthesetwo. Further, notethatto comparetheresults,weneedto usesomesensorto capturethe

displayproperties.A digital camerais a generalandreasonablesensorto usefor this purpose.When

comparingtheresultscapturedby this sensorwith theoriginal digital input, we should�nd a way to

extractreasonableinformationabouttheappearanceof thedisplaybeinginsensitive to thecameraand

projector's color spaces.

Thus,following aretherequirementsof our errormetric. First, we should�nd a way to bring

the original digital image and the digital imagesof the photographswithin a commonreference

frame so that they can be compared. Second,the error metric that we designshouldcapturethe

optimizationnatureof theproblem.Third, thismetricshouldbeableindicatehow thedynamicrange,

brightnessandgeneralappearanceof the imageis affectedby the correction. Fourth, it shouldbe

ableto make reasonablejudgmentsgoingbeyondthedifferentcolor spacesof theoriginal, projected

andthe recapturedimage. We designeda metric to evaluatethe appearanceof the imagesfrom the

uncorrectedandcorrecteddisplaysthatsatis�esall theserequirements.

9.2 Overview

Let the original digital imagethat we put up on the displaybe called the referenceimage R. We

would like to comparethis imagewith the imageprojectedon thedisplaywhich haseitherbeenleft

uncorrectedor hasbeencorrectedusingdifferentalgorithms.

9.2.1 CapturingData

For thispurpose,weuseadigital camera.Werunourgeometriccalibrationalgorithmwith thecamera

at locationA. Thenkeepingthecamerain thesamelocation,we take theimagesof thedisplaywhen
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Figure 9.1: Left: Reference image. Middle: Result image. Right: The recaptured image
correspondingto theresultimage in themiddle.

R is projectedon it. This imagetakenby thecamerais calledtheresultimage andis denotedby OC .

Next weusethegeometrictransformationsto convert this imageOC into thedisplaycoordinatespace.

This is calledrecapturedimageandis denotedby O. NotethatO andR now havethesameresolution

andaregeometricallycomparablepixel by pixel. Figure9.1 illustratesthis.

Note thatwe mayhave morethanonerecapturedimageif we aretrying to comparedifferent

algorithms.Thus,for generalitywedenoteeachof theseby Oi . Notethatall theseresultimagesfor the

correspondingrecapturedimagesshouldbecapturedwith thesamecamerasettingsto becomparable.

However, note that the R and the Oi s are still in different color spaceand hencestill not directly

comparablephotometrically. Figure9.2showsareferenceimageandmorethanonerecapturedimages

whenwearetrying to comparedifferentalgorithms.In thisparticularexample,wehave thereference

image,therecapturedimagefor uncorrecteddisplay(O1) andtherecapturedimagefor thedisplaywith

photometricseamlessness(O2) achievedby thealgorithmin Chapter7 usinga smoothingparameter

of 400.

9.2.2 PhotometricComparability

Thenext stepis to make thesereferenceandtherecapturedimagescomparablephotometrically. For

this, we �rst �nd themeanvalueof all thepixels for R andOi . This givestheoverall brightnessof

theimagesandis denotedby BR andBOi respectively. This meancangive usa way to comparethe

overall brightnessof thedifferentgeometricimages.

Next, we �nd thevectordeviation of eachpixel valuefrom thecorrespondingmeanB of the

image.Theimagesthusgeneratedfrom R andOi arecalledRD andOD
i . Next, for eachchannel,we

compresstherangeof OD
i andRD within themaximumandminimumof all valuesof OD

i s andRD

generatingRM andOM
i respectively. This translatestherangeof eachimagearoundthesamemean

andcompressesthe rangein the samereferencespacethushelpingus to comparesimilar quantities
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Figure 9.2: Top Row: Left: Reference image. Middle: Recaptured image for uncorrected
display. Right: Recaptured image with a photometricallyseamlessnessdisplay. Middle Row: Left:
Comparablereferenceimage. Middle: Comparablerecapturedimage for uncorrecteddisplay. Right:
Comparable recaptured image for photometricallyseamlessdisplay. BottomRow: Middle: Error
of the comparable recaptured image for uncorrecteddisplayfrom the comparable referenceimage.
Right: Error of the comparable recaptured image for photometricallyseamlessdisplay from the
comparablereferenceimage.
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even if the referenceimageR doesnot have the sameoverall brightnessof the recapturedimages

Oi . This kind of changecanbecauseddueto changesin theexposureof thecamera.RM is called

thecomparablereferenceimage andOM
i s arecalledthecomparablerecapturedimages. Thesecond

row of Figure9.2 illustratesthesefor thereferenceandrecapturedimagesin the�rst row of thesame

�gure. Thedifferencebetweenthemaximumandminimumfor eachchannelof imagesRM andOM
i

de�ne their respectivedynamicrangevectorDR.

9.2.3 Error ImagesGeneration

Next we generatethe error imageE i representingthe error betweencomparablerecapturedimages

OM
i andcomparablereferenceimageRM by �nding the normalizedpixel-wiseEuclidiandistance

betweenRM andOM
i . This is illustratedin Figure9.2. Thesumandmeanof E i givesthetotal and

themeanerrorof Oi from R denotedby TE i andM E i respectively.

9.2.4 Error Metric

Thebrightness(B ), dynamicrange(DR) anderror images(E) compriseour errormetric. Notethat

theremaynot beany physicalOi thatcanexactly resembleR. Themethodonly bringsR andOi s in

a similar referenceframein termsof perchannelintensityvaluesbut cannot do sofor morephysical

parameterslikecolorgamutor luminance.Hence,theevaluationlies in thefactwhethertheerrorsare

reducedby applyingacorrectionmethodratherthanerrorsdisappearingaltogether.

9.2.5 EvaluationResults

Figure9.3 shows thereferenceimageR andtherecapturedimagesthatwe want to compare.In this

case,they areimagestakenbeforecorrectingO1, aftermatchingthedisplayresponseat every pixel

O2 andthenaftersmoothingit with w = 400O3. Figure9.3alsoshows theerrorimagesE1, E2 and

E3. Table9.2.5showsthevaluesof thevariousmetric.Notethat,thebrightnessanddynamicrangeof

theresultsof smoothingis higherthanthoseof matching.Thetotalandmeanerrorandthepercentage

of extraedgepixelsarealsoreducedmorewith smoothingasexpected.

Figure9.4andTable9.2.5show thesamefor a �at whitereferenceimage.Hereyounoticehow

thecameracolorgamutcanchangethecolorappearanceof theimages.
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Figure 9.3: Top Rowfrom left: (1) Thereferenceimage R. (2)Recaptured image before correction
(O1) (3) Recaptured image after photometricuniformity(O2). (4) Recaptured image after achieving
photometricseamlessnesswith smoothingparameter400(O3). BottomRowfromleft: (2) Error image
for uncorrecteddisplay(E1). (3) Error image for photometricuniformity (E2). (4) Error image for
photometricseamlessnesswith smoothingparameter200. (E3).

Img B r ightnessi Dynamic Rangei Total E r r or i M ean Er r or i

R (115; 51; 66) (197; 154; 136) NA NA

O1 (88; 83; 67) (209; 240; 159) 60962 0:25

O2 (41; 39; 30) (121; 137; 111) 56223 0:23

O3 (75; 67; 51) (174; 168; 155) 45766 0:18
Table9.1: Resultsfor theimagesshownin Figure9.3

Figure 9.4: Top RowfromLeft: (1) Recapturedimage with uncorrecteddisplay(O1) (2) Recaptured
image after photometricuniformity (O2). (3) Recaptured image after photometricseamlessnesswith
smoothingparameter400(O3). BottomRowfromleft: (4) E1. (5) E2. (6) E3.
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Img B r ightnessi Dynamic Rangei Total E r r or i M ean Er r or i

R (255; 255; 255) (0; 0; 0) NA NA

O1 (135; 204; 160) (60; 90; 70) 30049 0:12

O2 (76; 135; 105) (30; 20; 20) 14214 0:06

O3 (117; 182; 137) (40; 60; 50) 13887 0:05
Table9.2: Resultsfor theimagesshownin Figure9.4

Img B r ightnessi Dynamic Rangei Total E r r or i M ean Er r or i

R (125; 115; 81) (236; 223; 231) NA NA

O1 (106; 117; 66) (248; 227; 241) 251577 0:26

O2 (68; 92; 46) (206; 227; 201) 160942 0:16

O3 (63; 85; 42) (195; 227; 172) 146448 0:14
Table9.3: Resultsfor theimagesshownin Figure9.5

Table9.2.5shows theresultsfor imagesin Figure9.5whereO1 is theimagebeforecorrection,

O2 is the image after smoothingwith parameter400 and O3 is the image after smoothingwith

parameter800. Thecorrespondingrecapturedanderrorimagesareshown in Figure9.5.

Figure 9.5: Top RowfromLeft: (1) Recapturedimage with uncorrecteddisplay(O1) (2) Recaptured
image after photometricseamlessnesswith smoothingparameter400 (O2). (3) Recaptured image
after photometricseamlessnesswith smoothingparameter800 (O3). BottomRowfrom left: (4) E1.
(5) E2. (6) E3.

From the above results,it is clear that the error TE and M E is high with an uncorrected

displayandbecomessmallerwith the increasein smoothingparameter. In this phase,the error is

dueto the presenceof sharpluminancevariationwhich leadsto a changein appearance.At some
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point the error reachesa minimum, after which it increaseswith increasein smoothingparameter.

This is the reasonthat the error is morewhenthe smoothingparameteris in�nity (photometrically

uniform display)thanwhenit is 400or 800. In this phase,theerror is dueto thecompressionin the

dynamicrangewhichalsoleadsto achangein appearance.Thus,in all casestheerrorsigni�es change

in photometricappearance,but for differentreasons.In Section8.3, it wasmentionedthat the ideal

smoothingparameterdependsontheimagecontent.Thesmoothingparameterfor whichtheminimum

error is achievedsigni�es the idealsmoothingparameterfor thespeci�c image.This is illustratedin

Figure9.6.

Figure9.6: Error vsSmoothingParameter.
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CHAPTER10

Conclusion

This dissertationmakes an effort to study the color variation in multi-projector displays in

a comprehensive fashion. Several empirical studieswere conductedwith many contemporary

off-the-shelfprojectordevices.It is evidentfrom theseveralstudiesin Chapter4 thatsomepartof the

problemcanbealleviatedby designingprojectorsthatwouldhavelowerblackoffsets,highercontrasts

andlesserspatialvariationsin color. However, [Stupp99]shows thatsuchimprovementswouldmake

projectorsmuchmoreexpensive thusmakingsuchtiled displayscostprohibitive defeatingthe very

purposeof themakingsuchdisplayscommonplace.

Instead,to make suchdisplayseasyto realize,my work introducesa generalcomprehensive

framework of the emineopticfunction that models the color projectedon planar multi-projector

displaysandcanact asa fundamentalguideto studycolor variation issuesfor suchdisplays. The

generalformal de�nition of color seamlessnesscan help de�ne different kinds of goalsbasedon

applicationrequirement,userability anddisplayproperty. Thesetwo togethercanbeusedto design

novel algorithms. Last but not the least,I demonstratehow to optimizethe emineopticfunction to

designa practical,working systemthat achieves seamlesshigh quality multi-projectordisplaysat

interactive rates.

We believe thatour work presentsthe�rst fundamentaltool requiredto addresstheproblemof

color variationin multi-projectordisplaysin a structuredfashion.However, therearemany speci�c

issuesthat canbe identi�ed within this framework andneedsto be solved. For example,we need

to designpracticalalgorithmsfor displaysvarying in chrominancealso. We needto addressthe

issueof non-Lambertiansurfaces.In many applications,we needto have a systemthatcontinuously

adjustsits photometriccorrectionwhile in useto successively improvetheresponseandautomatically

adaptto systemchanges(e.g. small geometricchangesor changesin lamp characteristicsdue to

aging). Last but not the least,several featuresand improvementsin the projectorscanbe madeto



realizesuchdisplayseasilyand�e xibly. First, it is desirableto have standarddigital computerand

network interfacesin the projectorsto easily interfacethem with the driving computers. Second,

embeddedsystemsaccessibleby internalandexternalsoftwareapplicationsshouldbeprovidedin the

projectorsthat canbe usedto achieve differentkinds of geometricandphotometriccorrections,tile

recon�gurationsandother feedbackcorrectionsinteractively. Suchadvancedprojectorsalongwith

moreadvancedmethodsdesignedfrom suchmodelsasthe emineopticfunction would make highly

�e xible perceptuallyseamlesstiled displayscommonplacein thenearfuture.
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APPENDIXA

Color and Measurement

A.1 Color

Color is theperceptioncreatedin a sensorby a spectrumof light S. ThespectrumS is a functionof

wavelength,� . S(� ) givestheamountof light of wavelength� presentin thespectrum.As humans,

thesensorweareinterestedin is thehumaneye.

Monochromaticcolor ideally refersto light of a singlewavelength. This is very dif�cult to

achieve physically. It is known that the color sensationsreportedby an observer with normalcolor

visionvaryasafunctionof wavelengthof thelight stimulus.Thisholdstruefor any wavelengthin the

rangeof 400� 650nm. Thesensationsreportedby theobserversexposedto thevariouswavelengths

are known as hues. In 1976, Murch and Ball performedan experiment. Subjectswere asked to

identify thecolorsof light madeof very narrow wavelengthband(10nm), coveringthewholevisual

spectrum.Theobserverswereaskedto characterizeeachstimuluswith four numberscorresponding

to the amountof blue, green,yellow andred perceived to be presentin that particulartarget. The

resultsof thestudyshowedthatthehumanperceptionis insensitiveto wavelengthsof lessthan400nm

andabove 650nm. So 400� 650nm is calledthe visual spectrumof light. In 450 � 480nm, the

predominantsensationwasthatof blue. Greenhasa fairly broadbandfrom 500� 550nm. Yellow

wasconcentratedin a narrow bandof 570� 590nm. Wavelengthsabove 610nm werecharacterized

asred.Anotherimportantobservationwas,thatmostof thecolorswerecharacterizedwith morethan

two categories.For examplea500nm stimuluswasgivenanaverageratingof 6:3 green,2:2 blue,0:8

yellow and0:1 red.Thebestor purestcolors- de�ned asthemaximumvalueestimatedfor onecolor

categoryandminimumvaluefor theotherthreecategories- indicatedpureblueatabout470nm, pure

greenatabout505nm andpureredatabout575nm. This is illustratedin FigureA.1.
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FigureA.1: Thecolor spectrumof light for differentwavelength

Achromaticcolor canoccuronly whenthe amountof light emittedor re�ected by an object

doesnot vary asa functionof the wavelength. In otherwords,equalamountof all wavelengthsare

presentin thespectrumof this light.

Objectsin the visual environmentthat re�ect or emit distributionsof wavelengthin unequal

amountsaresaidto bechromatic.Thatmeansthespectrumof achromaticcolor hasdifferentamounts

of differentwavelengthsof light.

A colorhastwo attributesassociatedwith it, namelyluminanceandchrominance. Chrominance

is hastwo components,hueandsaturation.

1. Luminance: This is theamountof light/energy in thecolor andis measuredby cd=m2. This

hasadirectrelationshipwith theperceivedbrightnessof acolor.
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FigureA.2: Spectrumof a redcolor

2. Hue: Thehueis decidedby therelativeamountsof thedifferentwavelengthspresentin acolor.

For example,a spectrumasin FigureA.2 would have a red huesinceit hasmoreof the red

wavelengthsthantheothers.

3. Saturation: A puremonochromaticlight is seldomencounteredin therealworld. However, if

a very narrow bandof wavelengthis taken,anobserver will beableto identify a dominanthue.
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As thebandis increased,this dominanthueremainsthesame,but, it becomeslessdistinctor

clear. It is saidthatthehueis lesssaturated.

Thus,saturationdependsupontherelativedominanceof purehuein acolor sample.

(a) Saturationdecreasesif thebandof wavelengthsin acolor is increased.

(b) It alsodecreasesif theamountof neutralcoloraddedto thepurehueis increased

A.2 Measuring Color

In orderdealwith color andunderstandit, we next seehow do we measurecolor. Thetechniquesof

measuringcolor comprisethescienceof colorimetry.

A.2.1 Light Sources
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Figure A.3: Comparisonof the relative power distributions for spectral power distribution of a
�uor escent(solid line) anda tungsten(dottedline) light sources

Thespectral powerdistribution of a source is thepower of its electro-magneticradiationasa

functionof wavelength.Spectralpower distribution canvary greatlyfor differentsourcesof light as

shown in FigureA.3. However notethat the in the �gure thepower valuesareexpressedin termsof

relativepower, notabsolute.Suchexpressionis suf�cient for mostpurposes.

Measuringthe color characteristicsof a light sourcemeansto measurethis spectralpower

distributionof thelight source.
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A.2.2 Objects

When light reachesan object, someof it getsabsorbed,and the rest is transmittedand re�ected.

The amount of light that is re�ected and transmittedgenerally varies at different wavelengths.

This variation is describedin terms of spectral re�ectance or spectral transmittanceproperties.

Spectral re�ectance(transmittance)of an objectdescribethe fractionof the incidentpower re�ected

(transmitted)by the object, asa function of the wavelength. For example,the spectrumshown in

FigureA.2 is thespectralre�ectanceof a redCortlandapple.

A.2.3 Color Stimuli

400 700 400 700400 700

=X

Color StimulusObjectLight Source

Figure A.4: Calculation of the spectral power distribution of a Cortland apple illuminated with
�uor escentlight

The spectral power distribution of a color stimulus is the product of the spectralpower

distributionof thelight sourceandthespectralre�ectancedistributionof theobject.Thecolorstimulus

is theresultof thelight thathasbeenre�ectedfrom or transmittedthroughvariousobjects.In Figure

A.4 weshow thecolorstimulusresultingby illuminatingaCortlandapplewith a �uorescentlight.

Theimportantthing to notehereis that thecolor of any objectis not invariant, nor is it solely

dependenton the re�ectancepropertiesof the object. An objectmay be madeto look of color by

changingthelight sourcewith which it is illuminated.

A.2.4 Human Color Vision

Humancolor vision derivesfrom theresponseof threephoto-receptorscontainedin theretinaof the

eye,called� , 
 and� . Eachof thesephoto-receptorsrespondsdifferentlyto thevaryingwavelengths

of light. The approximatespectral sensitivitiesof thesephoto-receptors,or, in other words, their

relativesensitivity to light asthefunctionof its wavelengthis shown in FigureA.5.
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FigureA.5: Estimatedspectral sensitivitiesof � , 
 and� photo-receptorsof theeye
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FigureA.6: Left: Color stimuli fromageratum�ower appearingblueto thehumaneye. Right: Color
stimuli froma particular fabric samplelookinggreento thehumaneye.

Note that humaneye is insensitive to light of wavelengthgreaterthan650nm and lessthan

400nm. This shows that even thoughthe color stimuli of an objectsuggestonecolor, the human

perceptionmayperceive a completelydifferentcolor, basedon thesensitivity of thephoto-receptors

in theretinaof theeye.

For example,FigureA.6 showsthespectrumof thecolorstimuli from a�o werageratum.From

the spectrumit appearsthat the color should look red, but it looks blue to the humaneye. This

is becausethe humaneye is moresensitive to the blue componentthan the red componentin this

stimulus. Similarly, thestimuli producedby a fabricsampleasshown in FigureA.6 seemsgreento

thehumanobserver thoughthecolorstimuli seemsto indicateotherwise.

Becauseof thetrichromaticnatureof thehumanvision,it is verypossiblethattwo colorstimuli,

having different spectralpower distribution will appearidentical to the humaneye. This is called
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metamerismandtwo suchstimuli arecalledmetamericpair. In fact,metamerismis whatmakescolor

encodingpossible.It is becauseof metamerismthatthereis no needto reproducetheexactspectrum

of a stimuli, rather it is suf�cient to producea stimulusthat is a visual equivalentof the original

one. Note that,metamerisminvolvesmatchingvisualappearancesof two color stimuli, andnot two

objects. Hence,two differentobjectswith differentre�ectancepropertiescanform a metamericpair,

undersomespeciallighting conditions.

A.2.5 Color Mixtures

Having consideredthe visual appearanceof both achromaticand chromaticcolors, now we turn

towardsproductionof colors.
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FigureA.7: SubtractiveColor Mixture

Thecolor of a surfacedependson thecapacityof thesurfaceto re�ect somewavelengthsand

absorbothers. Whena surfaceis paintedwith a pigmentor dye, a new re�ectancecharacteristicis

developedbasedon thecapacityof thepigmentor dyeto re�ect andabsorbthedifferentwavelengths

of light. Considerasurfacepaintedwith yellowpigmentwhichre�ectswavelengths570� 580nm and

anothersurfacepaintedwith cyanpigmentwhich re�ects 440� 540nm. If wemix boththepigments

theresultingcolor will begreen. This is becausetheyellow pigmentabsorbstheshorterwavelengths
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below 500nm andsomeof themiddlebandwavelengthfrom 500� 550nm. Thecyanpigmentabsorbs

all of the longerwavelengths560nm andabove. The energy distribution of all theseareshown in

FigureA.7. Thusthe yellow absorbsthe wavelengthsevoking the sensationof blue while the cyan

absorbsthe wavelengthsevoking the sensationof yellow. Hence,what is left behindafter this is a

sensationof green.This is calledsubtractivecolor mixturessincebandsof wavelengthsaresubtracted

or cancelledby thecombinationof light absorbingmaterials. Theyellow, cyanandmagentais termed

as the color primariesof the subtractive color mixtures,becausetheseare the minimal numberof

pigmentsrequiredto produceall othercolors.
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FigureA.8: AdditiveColor Mixture

Colorscanbemixedin anotherfashionin whichbandsof wavelengthsareaddedto eachother.

This is calledadditivemixtureof colors. This is alsothemeansby whichcolor is producedin thecolor

display. Thesurfaceof acolordisplayis madeupof hundredsof tiny dotsof phosphor. Phosphorsare

compoundsthatemit light whenbombardedwith electronsandtheamountof light givenoff depends

on the strengthof the electronbeam. The phosphorson the screenarein groupsof three,with one

phosphoremitting longerwavelengths(red), oneemitting the middle wavelengths(green)andone

emitting the shorterwavelength(blue). All the threephosphorstogetherproducea very broadband

containingall of the visible wavelengths.Varying the intensitylevels of the phosphorsproducethe

differentlevelsof lightness.Thusred, greenandbluearecalledtheprimariesfor theadditivemixture

of colors.

In FigureA.8, thespectrumof monochromaticcolorsis denotedby theoutercircle. Theprimary

colorsaremarkedon that. Blue,Greenandredareshown on this spectrum.Theinterior of thecircle
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denotesthe color that will be formedby mixing two or moremonochromaticlight. The centerof

thecircle denotesthewhite. Let usdenotethis point by O andthecolor it representsby W. Let us

take a point P on the circumferenceof the circle denotethe monochromaticcolor C. The line that

joins O andP denotesthecolor C with differentlevelsof saturation.With the threeprimaries,one

candenoteall the colorswithin the inner triangle. As is evident, thesecolorsareunsaturatedform

of somemonochromaticcolor. As is evident form thepictureof threeprimarysystemin FigureA.8,

we cannotproduceany of themonochromaticcolors(with theexceptionof thethreeprimarycolors)

at high saturationlevel with only thesethreeprimaries.However, we canproducesomeunsaturated

form of themonochromaticcolor. Sopeoplehave tried with four or � ve primarycolorsasshown in

FigureA.8. But experimentsshowedthat the improvementin thecolor did not offset the increasein

expensesandhencepeoplegenerallyusered,greenandblueasprimaries.

A.2.6 Colorimetry

CIE Standard

In 1931,a specialcommitteeof CommissionInternationaledeEclairage(CIE) met to develop three

standardprimariesRs, Gs and Bs. A major goal was to provide a numericalspeci�cation of

additive color, to de�ne a setof primaries,suchthatdifferentamountof thetrio producethedifferent

colors in the visual spectrum.Rs, Gs andBs areimaginary primariesdevisedby Maxwell, which

encompassedthewholevisualspectrum.Theamountof theseprimariesrequiredto reproduceall of

the monochromaticlight canbe representedasa setof color matching functions, denotedby �x(� ),

�y(� ) and �z(� ) respectively (FigureA.9). Noticethat they do not have any physicalequivalence,and

arenot the spectraldistributionsof Rs, Gs andBs, they aremerely the auxiliary functionsof how

thesethreeprimariesshouldbemixedtogetherto generatethemetamerof themonochromaticcolors.

CIE Tristimulus Values

It turns out that thesethreeare the CIE standardcolor primariesmodel the responseof the three

photo-receptorsin thehumaneyeandis oftenreferredasStandard CIE Observer. TheCIE tristimulus

valuesX , Y andZ , X ; Y; Z < 1:0 aretheamountsof Rs, Gs andBs, requiredto generateaparticular
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FigureA.10: Calculationof CIE tristimulusvalues

color C andis de�ned asfollows. Let S(� ) de�ne thespectralpower distribution of thelight source.

Let R(� ) de�ne thespectralre�ectancedistributionof theobject.Then

X = k
780X

� =380

S(� )R(� ) �x(� )

Y = k
780X

� =380

S(� )R(� ) �y(� )

Z = k
780X

� =380

S(� )R(� ) �z(� )

andk is anormalizingfactor. This is illustratedin FigureA.10.

A perfectwhiteis anobjectthathasare�ectanceequalto unity throughoutthevisiblespectrum.

And also,it shouldbeisotrophic, i.e. it shouldre�ect light in all directionsuniformly. k canbechosen

in two ways.It canbechosensuchthatY = 100whentheobjectis a perfectwhite. Thenk is called

percentfactor. If k is chosensuchthat Y valueof a perfectwhite object is 1:00, it is calledfactor

values.
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A colorimeteris aninstrumentthatcanprovidedirectmeasurementof theCIE XYZ tristimulus

valuesof a color stimuli. Y correspondsto luminancewhich is themeasurementof thebrightness.If

X andZ areequal,stimuli with higherY will look brighter. However, notethatY is nottheluminance

(asde�ned in SectionA.1) itself.

A.2.7 ChromaticityDiagram
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FigureA.11: CIE ChromaticityDiagram

Wede�ne chromaticityvaluesx, y andz from thetristimulusvaluesasfollows.

x =
X

X + Y + Z
; y =

Y
X + Y + Z

; z =
Z

X + Y + Z

Noticethatx + y + z = 1. Thus,justby knowing x andy, wecannotcalculatebackX , Y andZ .

Figure A.11 shows the result of plotting x and y for all visible colors. This is called CIE

chromaticitydiagramandcorrespondsto chrominance.It hasbeenshown that all colorswith same

hueandsaturation(but differentluminance)coincideat thesamepointon thechromaticitydiagram.

The interior and the boundaryof the horse shoe shapedregion representall the visible

chromaticityvalues. A standardwhite light is formally de�ned at W wherex = y = z = 1
3 . The

monochromaticor thecentpercentsaturatedcolorsformtheouterborderof thisregionwhile thecolors

in theinterior of thehorse-shoeareunsaturatedcolors. Thestraightline in thebottomrepresentsthe

variousshadesof purple.Thisdiagramis veryusefulsincethesefactorsout theluminanceandshows
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only the chrominance.So it doesnot show all the colors. Whentwo colorsareaddedtogether, the

chrominanceof thenew colorliesonthestraightline joining thetwo originalcolorsin thechromaticity

diagram,thelocationof thenew colordependingontheproportionof theluminancesof thetwo colors

added.

480

520 540
560

580

600

620

650

700
White

500

0.2

0.4

0.6

0.8

1.0
Y

X
0.2 0.4 0.6 0.8 1.0

FigureA.12: CIE diagramshowingthreedifferentcolor gamuts

LetP beacolorin FigureA.11. Thestraightline joiningwhiteandP, meetsthevisualspectrum

atC. HenceP isaunsaturatedformof thepuremonochromaticcolorC. Thewavelengthof C iscalled

thedominantwavelengthof P. However, all colorsdonothave a dominantwavelength.Thesecolors

arecallednon-spectral. For exampleQ doesnot have a dominantwavelengthsincetheline from W

to Q whenextendedmeetsthepurpleline. In suchcases,theline is extendedin theoppositedirection

andwhenit meetsthe visual spectrum,thatwavelengthis calledthe complementarywavelengthfor

thecolor. In this case,thewavelengthof D is thecomplementarywavelengthof Q. Thusmixing D

with Q will help us to get the achromaticcolor W. The excitation purity of any color possessinga

dominantwavelengthis anexactlyde�nedratioof thedistancesin thechromaticitydiagramindicating

how far thegivencolor is displacedtowardsthespectrumcolor from theachromaticcolor. Thusthe

excitationpurity of P is jW P j
jW Cj . For a color without a dominantwavelengthasQ, theexcitationpurity

is jW Qj
jW L j .

Anotheruseof thechromaticitydiagramis thatit helpsusto specifycolor gamuts. If we draw

a trianglejoining any threecolorsin this diagram,all thecolor within thetrianglecanberepresented

by somecombinationof thethreecolors.Thishelpusde�ne therealprimariesfor reproducingcolor,
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andneedlessto say, noneof themcanreproduceall thevisible colors.FigureA.12 shows threesuch

colorgamutsdevisedby Wright andGuild respectively. Notethatthesmallergamutcannotreproduce

mostof theshadesof blue.

Advantageand Disadvantageof the CIE standard

FigureA.13: Leastamountof change in color requiredto producea change in hueandsaturation

The 1931CIE standardshave a few characteristicsthat renderthemuseful for descriptionof

color in color hardcopy anddisplays. The oneobvious one is that the color producesby oneset

of primariescan be matchedto the color producedby anotherset of primariesby adjustingthem

to producethe sameCIE coordinates.Moreover, this modelsa standardhumanobserver's photo-

receptorssensitivity.

Despitetheseobvious facts, there are a few disadvantageof the CIE standard. The most

importantdrawbackis that the distancebetweentwo pointson the CIE diagramtells nothingabout

theperceivedcolor difference.In fact,from theperceptualperspective theCIE spaceis non-uniform.

FigureA.13 depictsa studydoneby MacAdamin 1942in which the leastamountof color required

to produceperceivable differencein hue and saturationis shown for samplestaken from all over

the CIE space. Two importantaspectsof this dataneedto be noted. First, the amountof change

variesconsiderablyfor samplesfrom different partsof the CIE space. Further, elliptical shapeof

themeasurementsindicatesthat thenon-uniformityvariesalongtheaxisof thediagram.Recently, a

transformationof the1931CIE standardcolor spacehasbeenadoptedthatproducea moreuniform

colorspace.
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