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ABSTRACT

ADITI MAJUMDER:
A PracticalFrameavork to Achieve Perceptuall\seamles$/ulti-ProjectorDisplays
(Underthedirectionof Prof. Greg WelchandProf. Rick Stevens)

Arguably the most vexing problemremainingfor planar multi-projector displaysis that of
color seamlessnegsetweenandwithin projectors.While researcherbave exploredapproachethat
strive for strict color uniformity, this goaltypically resultsin severely compressedynamicrangeand
generallypoorimagequality.

In this dissertation,| introducethe emineopticfunction that modelsthe color variationsin
multi-projectordisplays. | alsointroducea generalgoal of color seamlessneghat seeksto balance
perceptualniformity anddisplayquality. Thesewo provide acomprehensie generalizedramevork
to studyandsolve for color variationin multi-projectordisplays.

For currentdisplays,usually built with samemodel projectors,the variationin chrominance
(hue)is signi cantly lessthanin luminance(brightness). Further humansare at leastan order of
magnitudemore sensitve to variationsin luminancethanin chrominance So, usingthis framawvork
of the emineopticfunction | develop a new approachto solve the restrictedproblemof luminance
variationacrossnulti projectordisplays.My approachieconstructsheemineoptidunctionef ciently
and modi es it basedon a perception-drien goal for luminanceseamlessnessFinally | usethe
graphicshardware to repmject the modi ed function at interactve ratesby manipulatingonly the
projectorinputs. This methodhasbeensuccessfullydemonstratedn threedifferentdisplaysmadeof
5 3arrayof fteen projectors3 2 arrayof six projectorsand2 2 arrayof four projectorsatthe
ArgonneNationalLaboratory My approachs ef cient, accurateautomaticandscalable- requiring
only a digital cameraanda photometer To the bestof my knowledge,this is the rst approachand
systemthat addresseshe luminanceproblemin sucha comprehensi fashionand generatesruly

seamlesslisplayswith high dynamicrange.
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CHAPTER1

Intr oduction

1.1 LargeTiled Displays

Figure 1.1: A Large AreaDisplayat ArgonneNational Laboratory.

In 1980s,Alan Kay, the fatherof objectorientedprogrammingervisioneda dreamcomputer
with a megahertzprocessqmegabytesof memoryanda displayof severalmega pixels. Today after
two decadeswe have reachedhe milestonesf a gigahertzprocessoandgigabytesof memory But
we arestill limited to smallmonitorswith approximatelyonemega pixels (1000 1000 only.

Presentlaydesktopmonitorshave low resolutionandsmall eld of view. Thelimitation of such
monitorsis theinability to offer scaleanddetailsatthe sametime. Imaginesucha displaybeingused
by ascientistto studya large high resolutiondata.While seeinghedetailsin highresolutionheloses

sightof hislocationin thedata.Largehighresolutiondisplaysoffer life-size scaleandhighresolution,



Figure 1.2: Large Tiled Displayat ArgonneNationalLaboratory: 5 3 array of fteen projectors.

bothof which aredesirabldor applicationdik e scienti ¢ visualizationandtele-collaborationSeveral
suchdisplaysareusedat SandiaNationalLaboratory LawrenceLivermoreNationalLaboratoryand
ArgonneNationalLaboratoryfor visualizingvery large scienti ¢ data,in the orderof petabyteg10*®
bytes)andhigher(10'® bytes),andalsofor holdingmeetingsbetweercollaboratorsocatedall around
the country Suchdisplaysarealsousedto createhigh quality virtual reality (VR) ervironmentsused
to simulatesophisticatedraining ervironmentsfor pilots. SuchVR ervironmentsare also usedfor
entertainmenpurposefor example,by Disney. Fraunhofernstituteof Germay, locatedonly a few
milesaway from the Mercedegnanufcturingstationat Stuttcart, hasat leastsix suchdisplays,all of
which areusedto visualizelarge datasetsgeneratediuring the designof automobilesor for virtual
autocrashtests.Similar suchdisplaysareinvestigatedat PrincetonUniversity, the University of North
Carolinaat ChapelHill, StanfordUniversity The University of Kentuck/ andthe NationalCenterfor
SupercomputingNCSA) at the University of lllinois at UrbanaChampaign.

Figurel.1shavs onesuchdisplayatthe ArgonneNationalLaboratory Comparedo a 19 inch
monitorwith 60 pixels perinch resolution,sucha displaywould cover a large areaof aboutl5 10
feetin sizeandwould have aresolutionof 100  300pixelsperinch. Thussuchdisplayswould have

asmary as140 420million pixels.



Figure 1.3: Componentsf a Large Tiled Display System.
1.2 Building LargeTiled Displays

Thereis no single display existing today that can meetsuchtaxing demands. The largestdisplay
availabletodayis about60inchesin diagonalandhasaboutfour million pixels(2000 2000. Further
evenif sucha displayis availablein the future, it is not possibleto have eitherthe e xibility or the
scalabilityin termsof resolutionandthe numberof pixels.

Hencethewayto build e xible large-areaigh-resolutiordisplaysis to tile projectorgo create
onegiantdisplay Figurel.2 showvs sucha displayat ArgonneNationalLaboratory It is madeof a
3 5Sarrayof fteen projectorswhichis 10 8 feetin sizeand35 pixelsperinchin resolution.In
suchatiled display scalingthe numberof pixelswould meanusingmoreprojectorsandchanginghe
pixel densitywould meanchangingthe display eld-of-view (FOV) of the projectors.

Theprojectordn atiled multi projectordisplaycanbearrangedn two differentwaysasshavn
in Figurel.4. First, the projectorscanbe arrangeccarefully to akut eachother In this con guration,
a slight mechanicamavementin the projectorpositionleadsto a seamat the projectorboundary To
avoid this mechanicaligidity, the projectorscanbe arrangedothatthey overlapattheir boundaries.
However, this leadsto theintroductionof high brightnessoverlapregions.

Therenderingprocesson suchdisplayis differentand more complicatedthanrenderingon a

desktop.Figurel.3 shovs onesuchpipelineof animagebeingrenderedn sucha display Thelarge



highresolutionimagethatis to bedisplayedon thetiled displayis dividedinto severalsmallerimages
by acentralizedbr adistributedclient. In caseof 3D scenesthis may meandistributing 3D geometric
primitivesto theseners. Thesesmallerimagesor the 3D primitivesarefed to PC senerswhich drive
the projectors.The projectorsprojector rendertheseon the displayscreerwhich is thenviewed by a
viewer.

There are several different issuesthat are importantin this renderingpipeline. Handling
and processinghe hundredsof millions of pixels demandef cient datamanagementechniguesat
the client end. Shippingthis large amountof dataefciently to the differentPC senersdemands
sophisticatedatadistribution. Ef cient senerarchitectures essentiafor interactive systemsFinally,
thedisplayneeddgo be perfectly“seamless’andundistortedijn termsof geometryandcolor.

The data managementdistribution and driving sener architectureproblems have been
addressedin [Samanta99,HumphregsO0Q Buck00, Humphre/s0l, Humphregs9gd. The main

concentratiorof this dissertatioris theissueof makingthesedisplays‘seamless’in color.

Figure 1.4: Left: Abutting Projectors; Right: OverlappingProjectors.

1.3 Multi Projector Display Seamlessness

Therearetwo primary challengegacedwhile building a seamlessnulti projectordisplay Theseare

geometricmisalignmentindcolor variation.

1. Geometric Misalignment: The nal overallimageof atiled displayis (by de nition) formed
from multiple individual displaydevices. Hence,they may not be alignedat their boundaries.
This is illustrated in Figure 1.5. Note that the fender of the bike appearsbroken at the

boundarybetweenwo projectors.In addition,the nonlinearradial distortionof the projection



Figure 1.5: GeometricMisalignmentAcross Projector Boundaries. Note the area marked by the
yellowsquae whele the fenderof the bike is brokenacrossthe projectorboundaries.

lens complicatesthe processfurther There are several geometricregistration algorithms

[Raskar98Raskar99bHereld02 Li00, Yang0] thataddresdoththeseissues.

2. Color Variation: In Figure 1.4, while every pixel is driven with the sameinput value,
the correspondingnal colors on the display surface are not the same. This illustratesthe
generalproblem of color variation in multi-projector displays. Even in the presenceof
perfectgeometricalignment,the color variationis sufcient to breakthe illusion of a single
seamlesglisplay as shavn 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-independentonditions such as non-Lambertiandisplay surface, overlaps between
projectorsandinter-re ections [Majumder00,StonelaStonelb]. This dissertationaddresses

thecolor variationproblem.

1.4 Previous Work

In thepast therehadbeenquiteabit of work ongeometriaegistration[Raskar98Raskar99byYang01,
Hereld02,Raskar99aCN93 Chen02. Manualmethodsof manipulatingthe projectorcontrolsare

oftenextremelytime consumingevenfor smalldisplaysmadeof two or four projectors.Furthermore,



Figure 1.6: Fifteenprojectortiled display at ArgonneNational Laboratory: befor blending(left),
after softwae blending(middle),andafter optical blendingusingphysicalmask(right).

it is dif cult for humansto manageso mary variablesandarrive at an acceptablesolution. Having
a commonlamp for different projectors[Pailthorpe0] is laborintensve and unscalable. Some
othermethoddMajumder0Q StonelaStonelbCazes9Ptry to matchthe color gamutor luminance
responseacrosgdlifferentprojectorsby lineartransformationsf color space®r luminanceresponses.
Further all theseaddres®nly the color variationacrosdifferentprojectors.They do notaddresshe
variationwithin asingleprojectoror in theoverlapregionsandhencecannotachieve entirelyseamless
displays.Blendingor featheringechniquesddres®nly the overlapregionsandaim to smoothcolor
transitionsacrosghe overlapregions,asshavn in Figure1.6. This canbe achiezedin threedifferent
ways. First, it canbe donein software by using carefully controlledlinear or cosinefunctions,for
example[Raskar98].Secondijt canbedoneoptically with theinclusionof physicalmasksapertures)
mountedat the projectorboundarieqLiO0]. This is called apertue blending Finally, the analog
signalsfrom the projectorscan be manipulatedto achiere seamlessned€hen01. This is called
optical blending Softwareblendingoftenassumetinearresponserojectorsandhenceshovs bands
in theoverlapregions. Theapertureandopticalblendingtechniquesio not have enoughcontrolof the
blendingfunctionsto producethe accurag requiredfor theblendingto beimperceptible Thusall the
blendingtechniquesesultin softeningheseamsn theoverlappingregion, ratherthenremoving them.
Someothermethodshave tried to matchthe brightnessesponsef every pixel with the responsef
theworstpossiblepixel onthedisplay[Majumder02& Suchmethodssuffer from poorimagequality
dueto low dynamicrangeandcolor reproducingcapabilitiegFigure8.8).

Thus, the problemof color variationin tiled multi-projectordisplayshasnot beenstudiedin
a structuredand comprehensie manner Further thereis no clearway to trade off the available
projectorcapabilitiesandcreatehigh quality displays.Hence thereexists no prototypethataddresses
thedifferenttypesof colorvariationsin auni ed mannerandgeneratetruly seamlesslisplays.Thus,

thisis probablythe mostvexing problemthatstill need€o beaddressetb achieve seamlesslisplays.



1.5 The Problem: Color Variation AcrossMulti-Pr ojector Displays

Theproblemof colorvariationacrosdifferentdevicesis notentirelynewv. Colormanagemerdystems
havetriedto matchcolorsacrossafew devicesin alaboratorysettingin the past.However, theproblem
of colorvariationacrosghe multi-projectordisplayis muchmoredauntingfor mary reasons.

First, just the scale of the problemis muchlarger than ary other systemdevelopedbefore.
Managingcolor acrosgwo or threelaboratorydeviceslik e monitor, printerandscannehasprovedto
beacomplicatecproblem[ea97 Katoh96 Nakauchi9$. Thisis becaussomecolorsproducedy one
device maynot be producedy another For multi-projectordisplaysthe compleity of theproblemis
increasedy thefactthatwe wantasolutionthatcaneasilyscaleto tensof projectors.

The traditionalway to matchcolorsacrossseseral devicesin a color managemensystemhas
beenbuilt on the assumptiorthat the spatialcolor variationacrosseachdevice is neggligible. Thus,
the problemis reducedo matchingfour or ve different3D color spacesHowever, the projectorsare
differentfrom mostotherdisplaydevicesbecauseheir displayspaces separatedrom their physical
space.This leadsto several physical phenomendik e distanceattenuatiorof light, lensmagni cation
and non-difusednatureof the display screenthat causesevere spatialvariation acrossthe display
This becomesnoreacutelyvisible whenthey aretiled sideby side.In addition,therearelargesudden
spatialluminancechangesvhenthedisplaytransitiondrom anon-overlapto anoverlapregion. Thus,
eachpixel of eachprojectiondevice behaesasadifferentdevice with its own different3D colorspace.
Thus, the problemof matchingthe color acrossthe display needsmatding hundedsof millions of
color spacesonefor eachpixel.

The problemof color managemenin the pastaimedat matchingthe imagesfrom different
devices. Note that theseimageswere viewed by usersat different pointsin time. This is called
temporl compaative color. However, theimagesput up from differentprojectiondevicesin a multi-
projectordisplayareviewedatthe sametime, but in a differentspacei.e. sideby side). Thisis called
spatial compaative color. It hasbeenshowvn by differentperceptuaktudies[Valois88,Goldstein01,
CC8q thathumansaremoresensitie to spatialcomparatre colorthanto temporalkcomparatre color.
Thus,a higheraccumacythanthe previous color managemergystemss neededwvhile correctingthe
colorvariationproblemin multi-projectordisplays.

Finally, thereis no modelthat capturessucha severe color variation acrossmulti-projector

displaysaccurately As ananalogy existing geometricmodelsof projectorsandcameraselpde ne



clearly the goal of achieving geometricregistration. Sucha model doesnot exist for the color

seamlessnegwoblem.Further thereis noformal de nition of color seamlessness

1.6 Main Innovations

Thisdissertatioimalkesthe rst effort to addresshedauntingproblemof colorvariationin astructured
fashion. We presenta comprehensie modelthat captureshe color variationacrossmulti-projector
displays. This helpsus de ne a formal generalgoal of color seamlessnessrinally, we presenta
practicalalgorithmto generatesseamlessigh quality, tiled displays.

Color canbe representedn mary ways. One suchrepresentations basedon the way the
humansperceve color. In this representationgolor is de ned usingtwo properties|uminanceand
chrominance Luminance,measuredn cd=n?, is a one-dimensionaproperty and indicatesthe
brightnesof acolor. Chrominancés atwo-dimensionapropertyanddescribeshehueandsatuiation
of acolor. Hence therangeof luminanceandchrominanceeproducedy adevice canberepresented
by a threedimensionalvolumethat de nes the color spaceof the device. The dynamicrange of a
device is de ned asthe ratio of the maximumandthe minimum luminancethat canbe producedby
thedevice. All thedifferenthuesandsaturatiorthatcanberepresentetly adevice canberepresented
by a two dimensionalspacecalledthe color gamut Note that this doesnot include luminance. A

detailedtreatiseon thisis availablein AppendixA.

1.6.1 Modeling Color Variation AcrossMulti-Projector Displays

In this dissertation,| rst develop a function that comprehensiely modelsthe variation in both
luminanceand chrominanceacrossa multi-projectordisplay | call this function the emineoptic
function In Latin “eminens”’meangrojectedight and“optic” meangertainingto vision Combining
these,“emineoptic” signi es viewing projectedlight. This function provides us with a unifying
frameawvork within which all existing methodsfor multi-projectorcolor correctioncanbe explained.
In addition,this functioncanalsobe usedin thefutureto aid in the designof othermethodgo correct
multi-projectordisplaycolor variations.Thus,this functionprovidesa fundamentatool to modelboth
the luminanceand chrominancevariationacrossnulti-projectordisplays. This is explainedin detail

in Chapters and6.



Figure 1.7: Digital Photggraphofa 5 3 array of 15 projectors. Left: Before Correction. Right:
After absolutephotometricuniformity (Matching only luminance).

1.6.2 De nition of Color Seamlessness

The emineopticfunction helpsus to provide a formal de nition of color seamlessnessiVe de ne
achierzing absolutecolor uniformityasmatchingthe 3D color spaceat every pixel of thedisplayto the

others.We shaw thatthis approacthasseverepracticallimitations.

1. As mentionedbefore,the serere spatialvariation of color in projectionbaseddevices makes
eachpixel of thedisplayvary signi cantly in 3D color spacdrom its neighboringpixels. Thus,

the problemof matching3D color space®f hundredf millions of pixelsis intractable.

2. Matchinglargely differing gamutsacrosssmall spatialdistancesisingexisting gamutmapping
algorithmsmay not give us the accuray demandedy the humanvisual sensitvenessowards
comparatre color differences. In fact, it may be practically impossibleto achiere sucha
matchinggiventhefactthatthe color producedby onepixel maybeimpossibleto reproduceat

another

3. Finally, matchingof the 3D color spacesacrossall pixels of the display strictly would match
the responsef all the pixelsto the pixel on the displaythat hasthe worst color property i.e.
thesmallesicolor gamutandthelowestdynamicrangejgnoringthegoodpixelswhich arevery
muchin majority. Given the fact that the spatial color variation is acutein multi-projector
displays,the worst pixel can have really poor color propertieslike contrast,brightnessand
color gamut. So, by achievzing anabsolutecolor uniformity, the displayquality will be sererely
degraded.Justto give a avor of the problem,Figure 1.7 shawvs the resultof analgorithmthat
matchegust the luminanceof every pixel to theworstone. And hence| endup with adisplay

thatis severelycompresseth contrasior dynamicrange.



However, several perceptuabktudies/Goldstein01,Valois88 Lloyd0Z con rm thatit may not
be necessaryo achiare absolutecolor uniformity to generatehe perceptionof color uniformity. The
humanvision systemhaslimited capabilitiesin perceving color, brightnessand spatialfrequeng.
This canbeexploitedto achieve perceptualuniformitywhich doesnotimply a strict color uniformity.
For example, humanscannotdetecta smooth spatial variation in color [Lloyd02, Goldstein01,
Valois88]. Hence,we canretainsmoothimperceptiblecolor variationsin the multi-projectordisplay
without degradingthe display quality. In fact, allowing someimperceptiblevariation canincrease
the overall display quality. Further this canenableusto relax the severerequirementgor absolute
color uniformity andmake the problemtractable.Along theselines, | provide a generalde nition of
perceptuauniformity usingtheemineoptidunctionin Chapter6. Thegeneralityof thisde nition lies
in thefactthatit neednot belimited to the singlefactorwe have pointedout herebut canincorporate
differentperceptualuserandtaskdependentactors.

Further | formulatea generalgoal of achieving color seamlessnessan optimizationproblem
that retainsmaximalimpeirceptiblecolor variation while minimizingthe degradationin the display
quality. Sucha goal helps me achieve perceptually uniform high quality displaysas opposedto
absolutelyuniformdisplays This generaformal de nition is derivedfrom theemineoptidunctionin

Chapter6.

1.6.3 A Practical Algorithm to Achieve PhotometricSeamlessness

Though we have a formal de nition of color seamlessnesghe optimization mentionedin the
precedingsectionrequirethe 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, | simplify this problemwhile designingthe

algorithmusingsomepracticalobsenrationsasfollows.

1. From analyzing the luminanceand chrominancepropertiesof multi-projector displaysin
Chapter4, | make a very importantobsenation that the chrominances relatively constant
spatiallyacrossall pixelsof asingleprojector Further chrominancecrosdifferentprojectors
of thesamemodelvary nggligibly. Thisindicateshatfor displaywalls madeof thesamemodel
projectors,the spatialvariationin chrominancds negligible. On the other hand,luminance

variationis very signi cant.
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2. Thesecondmportantobsenrationis madefrom several perceptuattudieqValois88,Valois90,
Chorley81] that shov that the humansare at leastan order of magnitudemore sensitve to

variationin luminancethanto variationin chrominance.

Giventhesetwo obsenrations,l addres®nly theluminancevariationproblemin ouralgorithm,
assuminghatthe chrominances spatially constantacrossthe display This helpsmein 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 makesthe
problemof achieving a perceptualor an absoluteuniformity an intractableoptimization problem
[Bern03, StonelaStonelb]. Secondtreatingonly the luminancereduceshe problemfrom a ve
dimensionaloptimizationproblemto a simplerthreedimensionaloptimizationproblem. Sinceour
algorithmonly addressetheluminance we saythatit achiezesphotometricseamlessnessopposed
to color seamlessnesd his algorithmandits implementatiorare presentedn Chapter7 and8. We
alsopresentametricto characterizendevaluatethe photometricseamlessnesghiered by a display

in Chapte.

1.6.4 ThesisStatement

To summarizethe centralclaimsof this researchs asfollows.
Thecolor variationin multi-projectordisplayscan be modeledy the emineoptidunction.

Adhieving color seamlessnesis an optimization problem that can be de ned using the

emineoptidunction.

Perceptuallyuniform high quality displayscan be achievedby realizinga desied emineoptic
functionthat satis esthefollowing two conditions.
1. Thevariationin thedesiedemineoptidunctionis contmolled to beimperceptible

2. The desied emineoptic function differs minimally from the original high quality
emineoptidunctionof the display thusavoidingthe severe overall lossin displayquality

resultingfromglobal uniformity,
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1.7 Dissertation Outline

In AppendixA, | provide abrief backgroundn color andperceptionasrelatedto my thesis.Chapter
2 providesa brief introductionto projectors,differentprojectiontechnologieswith their advantages
anddisadantagesprojectorarchitecturesith their respectre advantagesand disadwantages.This
chapterprovidesthe necessarengineeringknowvledgeto understandhe sourceof the problem of
color variation. A readereducatedn theseareascanskip mostof thesechapters.However the last
sectionof Chapter2 provides usefulinsightson the display propertiesfor multi-projectordisplays
which may not be availablein ary standardext books.In Chapter3, we provide a brief introduction
to humanvisual systemsand discussseveral relevant perceptuakapabilitiesand limitations. This
knowledgehelpsin optimally managingesourcesvhile designingmulti-projectordisplays.A reader
pro cient with the areaof humanperceptioncanskip mostof this chapter However, the lastsection
of this chapteriscussesherelevanceof theseperceptualimitationswhile dealingwith propertiesof
multi-projectordisplaysandcanprovide interestingnsights.

Chapter4 provides a detailedanalysisand classi cation of the color variation problemin
multi-projector displays along with the possiblereasonsfor thesevariations. This analysisand
study leadsto the developmentof the emineopticfunction in Chapter5 that modelsthe color
variationin multi-projector displays. Chapter6 presentshe de nition of color seamlessnessnd
the framework for achieving color seamlessnesas derived from the emineopticfunction. Chapter
7 presentghe algorithmderived from the emineopticfunctionto achieze photometricseamlessness
acrossmulti-projectordisplays. Chapter8 presentghe detailedimplementationand resultsof this
algorithm.Chapter present@anevaluationmetricto evaluatetheresultsof ouralgorithm.Finally we

concludein ChapterlOwith afew futureproblems.
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CHAPTER2
Projection BasedDisplays
Projection-basedlisplayshave beenusedfor a long time for a variety of purposesstarting from
individual presentatiorto cinema. Thoughlarge tiled displaysopenup a completelynenr way to
useprojectorsit is still importantto know theengineeringletailsof a projectiondevice to understand
the problemof color variationin multi projectordisplays. A detailedtreatiseof this is available at

[Stupp99].

2.1 Projection Technologies

Figure 2.1: Shematicof CRTprojectionsystem.



Figure 2.2: Shematicrepresentatiorof a light valveprojectionsystem.

Projectorscan be designedusing two basictechnologies.It canbe a emissiveimage souice
technologylik e cathoderay tube (CRT) andlaseror light valvetechnologylik e liquid crystaldevices
(LCD), digital micro-mirror devices (DMD), anddigital imagelight ampli er (DILA). The former
is light on-demandechnologywhere appropriateamountof light is generatedor varying signal
strengths.On the otherhand,the latter are light attenuatingechnologywherelight is continuously
generatetpeakstrengthandthentheappropriateamountof light is blocked outbasednthedesired

outputintensity Theseareillustratedin Figure2.1and2.2.

Figure 2.3: A CathodeRayTube

2.1.1 CathodeRayTube(CRT)

The emissve 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
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the lament in a normallight lamp). The heatedlament is in a vacuumcreatednsidea glasstube
Theray is a streamof electronghat naturally pour off a heatedcathodeinto the vacuum. Electrons
arenggative. The anodeis positive, soit attractsthe electronspouring off the cathode. The stream
of electrondgs focusedby a focusinganodeinto a tight beamandthenacceleratedby anaccelerating
anode. This tight, high-speedheamof electronsies throughthe vacuumin the tube and hits the
at screerfaceat the otherendof thetube. This screens coatedwith phospharwhich glows when
struck by the beam. This screencoatedwith phosphoris also calledfaceplate To directthe beam
at differentlocationsin the phosphorcoatedscreen the tubeis typically wrappedin coils of wires
calledthesteeringcoils. Thesecoils areableto createmagneticelds insidethetube,andtheelectron
beamresponddo the elds. Onesetof coils createsa magnetic eld that movesthe electronbeam
vertically, while anothersetmovesthe beamhorizontally By controllingthevoltagesn thecoils, you
canpositionthe electronbeamat ary pointonthescreen.

In CRT projectors,asshavn in Figure 2.1, a separateCRT is generallyusedfor eachcolor
channel. The light from the faceplatesare directedto a projectionlens systemwhich projectsthe

magni ed imageonthewall.

2.1.2 Liquid CrystalDevice(LCD)

The liquid crystalprojectoris basedon light valve technologyandis illustratedin Figure2.2. This
consistsof a beamseparatothat splits the white light from the lamp into red, greenandblue; the
split beamghenpasseshroughthe threelight valve panelsthatattenuatehe amountof light ateach
displaylocationdifferentlyaspertheimageinput; and nally thebeamcombinercombineghesesplit
beamdrom whereit is projectecthroughthe projectionlens.

Thelight valvesin the LCD projectiondevicesaremadeof liquid crystalpixels addressedyy
active matrix devices. The voltagesappliedchangeghe liquid crystal transmissie and dielectric
propertieswhichin turn changeshe polarizationof light.

Liquid crystals(LC) arein anintermediatgphasecalledmesophasdjetweercrystallinesolids
andisotropic uid. WhentheLC is cooled,it will turnto a solid andat hightemperaturest will turn
toaliquid.

Amongstall kinds of LC material,the nematiconeis mostcommonlyused. Theseare rod
shapediquid crystalsalignedin one predominantirectioncalledthe director. Usuallythe LCs are

sandwichedetweenwo alignmentayerscalledthe polarizerandanalyzer
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TheLCD technologycanto be designedn two ways. The rst is drivento white mode.Here,
with novoltage theunpolarizedight getspolarizedby thepolarizer changeslirectionof polarization
whenpassinghroughthe liquid crystalandthengetsblocked by the analyzer With appliedvoltage,
the amountof light blocked by the analyzerdecreaseghusincreasingthe intensity of the projected
light. Sincethe minimum is producedwith no voltageand applying voltagedrivesit towardsthe
maximumintensity this type of projectorsaresaidto be drivento white.

In thedrivento bladk mode the polarizerandanalyzerareorthogonato eachotheror areatan
anglesothatthe liquid crystalsundego a twist. Theseare calledtwistednematic(TN) cells. Here,
with no voltage,the maximumintensityis passedy the analyzer With appliedvoltage,the amount
of light blockedincrease@ndat very high voltages the wholelight is blocked. Sincetheseproduce
lessandlesslight with moreandmorevoltage thesearesaidto bedrivento black.

The polymer dispersediquid crystal (PDLC) doesnot needa polarizeror analyzer The
electro-opticmaterialhasliquid crystalssuspendedh them. Without voltage, light is not polarized
andscatteredn all directions.With voltage,it is polarizedto differentpartiallevel. A schlirenoptical
systemis thenusedto separatehe scatterecandthe polarizedlight directingthe polarizedlight onto

theprojectionlens.

2.1.3 Digital Micromirror Device(DMD)

Figure 2.4: Left: Shematicrepresentatiorof DMD. Right: A DLP projectormadeof DMDs.

In these eachpixel consistsof a micro-mirroron a torsion-hinge-suspendsake. The mirror

canbede ectedin a+10 or 10degrees.n oneposition,thelight falling onthemirror is re ectedon
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to theprojectionlens.In the other it doesnotre ect onto thelens. Thegrayscaleimageryis created
by binary weightedpulsewidth modulation. This is illustratedin Figure2.4. In singlechip systems,
colorimageryis producedby usinga rotatingcolor Iter to presentheimagesfor differentchannels

sequentially

2.2 Comparison of Differ ent Projection Technologies

The differentprojectiontechnologiesnentionedn the precedingsectionshave differentadvantages

anddisadwantagesvhichwe will bediscussingn this section.

1. Brightness: The brightnessof the CRT projectorsare often limited by the propertiesof the
phosphors. With increasingbeamcurrents,after a certainthreshold,the phosphorsdo not
increaseéheemission.Thisis signi cant for bluephosphorsHowever, thismaybecompensated
by whatis calledbeamblooming the increasen the beamdiameterat higherbeamcurrents.
Thiscompensatethesaturatiorproblemto someextent. Further thereis theproblemof thermal
quenchingAt very hightemperaturetheemissvity of phosphorsiecreasewith increasen the
beamcurrent. A liquid coolingis coupledwith the faceplateo avoid this problem. However,
thebrightnesss limited by the phosphorugroperties.Unlike this, increasinghe power of the
lamp caneasilyincreasehe brightnesof thelight valve projectors.Of coursethis alsobrings

in theneedof coolingthe systemwhich s oftenachiezed by afanin the projector

2. Contrast: Inherently CRT projectorsproducelight underdemandcanbe adjustedo produce
nodiscernabldight for black. Thus,theseprojectorsusuallyhave very high dynamicrange.On
theotherhand,sincethelight valve projectorsuselight blockingtechnologyit is impossibleto
eliminatetheamountof leakagdight thatis projectedatall times. This reduceghe contrastof

the projectors.

3. Resolution: Usually, the systemshawvn in Figure2.1 have thethreedifferentaxis of projection
for thedifferentchanneldeadingto differentkeystoningfor differentchannelsThis needgo be
convergedby non-linearadjustmentso thede ection. However, this oftenalmostimpossibleto
achieve. Thisis shavn in Figure2.5. Second,Thefocusof the electronbeamalsocontritutes
to the resolution. Usually, the beamis bestfocusedas constantdistancefrom the centerof
de ection. Soideally, oneshouldhave corvex faceplate. But thatleadsto complex projection

opticsdesignand also someproblemstherein. Hence,suchfaceplatesare avoided at cost of
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Figure 2.5: Thecornvemgenceproblemof the CRT projectors (left) whencompaedwith a light valve
projector (right).

resolution. For light valve projectors,a phenomenorcall comais experiencedvhenthe light
travels throughthe thick glassthat makesthe Iter substrate®r the projectionlens. In such
casessomeghostimagesdecreasehe resolutionof the picture. Oftenthe orientationof light

valve panelsneedgo be adjustedo correctfor this.

4. Light Ef cacy: Usually thelight efcacy of the light valve projectorsare very low because
light is continuouslyproducedandthe unwantedlight is blocked out. This is especiallylow for
LCD projectorssinceonly light polarizedin a particulardirectionis allowedto passhroughthe

LCD panels.

2.3 Optical Elements

In this section,we discussbrie y the different optical elementsof a projector This will help us
understandhe contrikution of theseelementgo the color variationin a multi-projectordisplay The

differentopticalelementgprimarily include Iters, mirrorsandprisms,integratorsJampsandscreens.

2.3.1 Filters

Filtersareusedin theopticalpathof light valve projectorgo split thewhite light to red,greenandblue
onesandthenrecombinethembackafter passinghroughthelight valves. The importantproperties
of the Iters areits spectralresponsetransmissiity andre ectivity. Usually theseresponsesary
with polarizationof light andangleof incidenceandcancausedifferentaberrationghat needso be
compensated.

Therearetwo kindsof lters, absorptiveor dichroic. Boththe lters aremadeby severallayers
of materialsalternatingwith high andlow dielectricconstanandsandwichedetweenwo substrates

of glass.
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Dichroic lters

Notethatdichroic lters cannotcombinebeamsof the samecolor or polarization.So,it cancombine
greenandredbeamgogetherbut nottwo redbeams.

Thebiggestadwvantagefor dichroic Iters is thatthey absorbalmostno light. Hence almostall
light is transmitted(about96% at normalincidence). This alsomeansngyligible heatingor thermal
stresonthe lters. Usually it is prettyeasyto designdichroic lters with goodspectratharacteristics.

Usually the spectralcharacteristicwary with angleof incidence. For non-normalincidence,
especiallyat morethan 20 degrees,the spectralbandshaws a signi cant shift to the left. In most
projectorsthedichroic Iters receve non-telecentridight wheretheangleof incidenceon onesideis
differentthanatthe otherend. This leadsto a color shift from oneendof the projectorto anotherthat
may be noticeable Usually, non-telecentridight leadsto compacidesignandsmallerprojectors.The
anglealsohaseffectsin thetransmissiity andhenceoftenthereis aluminancegradientfrom oneside
to otherof a projector As a solution,oftena gradientis built in the dichroic Iter to compensatéor

theseeffects.

Absorptive Filters

Thesearenot usedmuchfor threeprimaryreasons.

1. Sincethey absorbwavelengthsselectvely to split the light, they are often heatedup highly or

arethermallystressedThis leadsto lower life of the Iters.

2. They usuallyhavelow transmissiorcapabilitiesabout65% Thisnotonly reducesheef ciency
of the system but the straylight generatedften reduceshe contrastby increasingthe black

offset.

3. Finally, it is dif cult to designbandpassor shortwavelengthpasslters. Sotheblueandgreen
primariesoftenarenotsaturatedeadingto lower color gamuts.Longwavelengthpassinglters

(red lters) arereasonablyasyto malke.

2.3.2 Mirrors and Prisms

Mirrors andprismsareusedin the optical pathto move the beamaroundasrequired.Re ection from
mirrorsandtotal internalre ectionsin prismsareusedfor this purpose Usually rst surfacemirrors

areused.Secondsurfacemirrorsproduceghostimageswhich reducethe projectorresolution.
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2.3.3 Integrators

The integratorshave two functions. First, they make the luminanceuniform andsecondhey change
thecircularcrosssectionof thelampbeamto therectangularcrosssectionbeamrequiredfor thelight
valves.

Sincethelampis a pointsourceof light, oftentheillumination of thelight valvesshav a severe
fall off from centerto fringe. Further dueto the samereasonthe ef ciency of the systemis often
reducedsincemuch of the light doesnot actually male it to the projectionlens. And nally, this
wastedight canendup causingow contrastisplays.

Integratorsalleviate all theseproblems.Therearetwo typesof integrators.

Lensletintegrators

This usually hastwo lensletarraysfollowing the lamp-re ector assembly The secondarray is
combinedwith an auxiliary lens. The lensletchangeshe single sourceinto a array of sources.
However, thenumberof lensletuseds critical. With toofew lensestheilluminationis notsufciently
uniform. But with too mary lenslets thereis no transitionregion betweenadjacentensletscreating

somestepartifacts.

Rod Integrators

Thisis madeof a pair of squareplatesplacedperpendiculato thelampre ector assemblyThebeam
from the lamp getsre ected backandforth acrossheseplatesbeforereachingthe light valve. If the
rod is long enoughthis meanghatthe spatialcorrelationof the beamsarelost by thetime they reach
attheendof therod integratorcreatinga moreuniform illumination. In fact, with a sufciently long
rod, a perfectlyuniform eld canbeachiered. However, therearethreemainreasonsvhy thelenslet

integratorsaremorepopular
1. Theoptical pathlengthcanbe prettylong leadingto lesscompactdesign.

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

ef ciency.

3. It is dif cult to useit with polarizedlight usuallyusedin LCDs becausét cancausen partial

changen polarizationof light.
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2.3.4 ProjectionScreens

Screenis a passie device but can redirectenegy in an efcient mannerto increasethe visual
experience. The gain of a screenis de ned by the ratio of the light re ected by a screentowards
a viewer perpendiculato it to thatre ected by a Lambertianscreenin the samedirection. Thus,
screensvith high gain have directionallight re ection propertiesvhile aLambertiarscreerhasagain
of 1.0.

2.3.5 ProjectorLamps

Therearetwo majortypesof lampsusedfor light valve projectiondevices,namelytungsterhalogen
lampsandhigh-intensitydischage (HID) lampsthatincludexenonlamps,metalhalidelampsandthe
UHP lamps.

The HID lampsare lled with somematerialat room temperature. This vaporizesat high
temperaturedo emit light. However, when cold, the typical pressureof the lampis 10 13
atmospheresiVhenoperatingthisis near50 59atmospherewhichincreasdampexplosionhazard.
Usually it is in a safechambemwhile operatingbut this doesnot reducethe chanceof an explosion
while changingthelamp.

Metal halide lampsusually have a metal Il with halide doping. Most metalshave excellent
spectralemissionin gaseousstate. Unfortunatelythey have a very low vapor pressureand very
few atomsarein the free gaseousstateto emit light. In fact, they condensen the relatively cold
quartz.To increasdheir vaporpressurea halidedopingis used.lodineis usuallya very gooddoping
elementUsingthis leavesthe metalatomin gaseoustatenearthearcandthey emitdueto the higher
temperaturesearthearc.

One of the mostimportantlamp artifactsincludesspectralemissionlines. Somelampsemit
light nearthe yellow andblue which cannotbe blocked by the Iters andreduceshe saturationof
eitherthe greenor red reducingthe color gamut. Further manufcturingerrorsmake it dif cult to
predictwhethertheyellow will beincludedin thegreenor thered. Thusdifferentprojectorsusingthe
samedamp canshaow differentcharacteristicef the primaries. The sameproblemnearthe blue-green

regionin notnearlyasseriousbecausef the considerabl@verlapin the blueandgreenspectrums.
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2.4 Projection Ar chitectures

The projectorarchitectureusually differs in the numberof projectionlensesusedand whetherthe
threechannelsaremultiplexedin time or spaceln this sectionwewill rst discusghedifferentCRT

architecturesndthenthelight valve projectorarchitectures.

Figure 2.6: ThreeCRTsinglelensarchitectue.

2.4.1 CRT Projectors

Most CRT projectorshave athreeCRT threelensarchitectureasshovn in Figure2.1. As mentioned
earlief corvergenceof pixelsfrom differentchannelss asigni cantissue.So,anonelensarchitecture
is often usedasshavn in Figure2.6. Here,the outputof the threetubesis combinedusingdichroic
lters whicharethenpassedhroughtheprojectionlens. Thedifferentkeystonedistortionsof different
channelareavoided. Thuscornvergenceas muchbetter Further thecorvergenceneednot beadjusted

with changdn thedistancefrom the screen.The convergencecanbefactorysetinstead.

2.4.2 Light Valve Projectors

The light valve projectorsdiffer in architecturedependingon the numberof panelsused. Usually,
panelsarevery expensve. Hence Jessemumberof panelsmeandessercost. Aimost alwaysa single
lensis usedfor projection.

Three panel systemsare the most dominantarchitectureby may have some corvergence
problem. For single panelprojectors,color eld sequentiakystemsor color micro- lters systems

or angularcolor separatiorsystemsareused.
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Sometwo panelsystemdhave alsobeendesignedlueto engineeringssues.Dueto systemor
device limitations, sometimesa panelcan modulatetwo colorssatisactorily andnot the third. This
callsfor a secondpanel. Or, if the lampis de cient in onecolor, it needsto be projecteda greater

percentagef time.

ThreePanel Systems

Thisis themostdominantarchitecturelt useshreevalves,singlelensandsinglelamp. Eachpanelis
dedicatedo onecolor. Thisenablesnaximalusageof theavailablelight. Therearetwo typesof three

valve systems.

Figure 2.7: ThreePanel EqualPath Architecture.

1. EqualPath Systemstn this systemthethreecolorshave equalopticalpathasshavn in Figure
2.7. Further the pathfrom the lampto thelight valvesandfrom thelight valvesto thelensare
alsoequalfor every channel.However, the numberof dichroic Iters traversedandthe number
of mirror re ections undegoneby the colorsare not equal. Usually at leasttwo of the three
light valvesareprovided with six axisadjustmentso achieve corvergence.Theseadjustments

shouldbe shockresistanto maintainthe corvergence.

This architecturehasa few disadwantages.First is the corvergenceissue. Secondthe large
distancdrom thelampto the projectionlensreduceghelight ef ciency thusdemandingheuse

of expensve lensto getacceptablémagequality. Third. the numberof dichroic Iters passed
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is not samefor every color which introducedifferentamountof comafor eachof them. This
leadsto more corvergence.Two colorsundego odd numberof re ections thatlaterally invert
theoptical pathwhile the otherundego evennumberof re ection. Thus,the opticalpathof the

colorwith oddnumberof re ections needgo beinvertedby electronics.

Figure 2.8: ThreePanelUnequalPath Architecture.

2. Unequal Path Systems: In this architecture crosseddichroic lters mountedon the inner
diagonalof the prism is usedfor recombinationof the light. The three panelsare mounted
on the threesidesof the prism andthe projectionlensis mountedon the fourth side. This is

illustratedin Figure2.8.

Therearesomeadwantage®f this system.First, the shorteroptical pathlengthfrom the lamp
to the lensleadsto lessexpensve lens,which in turn reduceghe costof the projector Also,

this yield more compactdesigns. Secondthe panelsare mountedon the prism which makes
themeasilyshockresistantThusthe six axisadjustmentganbedonein thefactoryto produce

convergence . Oftenthis eliminatesthe requirementf providing the userswith thesecontrols.

However, there are some disadwantages. First, the light hitting the dichroic Iter is not
telecentric. And sincethese lters are sensitve to angleof incidence,this often givesrise to
left to right color shift. Dueto the unequalpathlengths,additionalrelayand eld lens(shavn

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

24



One Panel Systems

The onepanelsystemsarelessexpensve andnaturally corvergent. However, thesealsohave some
problems.First, the costto be paidis in termsof higherdatarates(for time sequentiabperation)or
higherresolutionpanels(sub pixelatedpanelswith threetimesthe resolution). Secondthe enegy
falling on the panelis threetimesof thatin threepanelsystems Oftensomepolarizersareunableto
take this stress.Thus, extra thermalload on the polarizermay restrictthe lamp power usedin these
projectors.

Therearedifferentkindsof onepanelsystemsiependingpn how thethreecolorsaremanaged.

1. Sub-pixelated: Usually, color micro- lters areusedbeforethe panel. They have micro- lter
that produceghe differentcolorsin the sub pixel level. Furtherthe light doesnot needto be
recombinedafterthe panel. This remasesmary of the expensve recombinatioropticsafterthe
panelalso.However, themagni cationshouldbekeptlow enoughsothattheeye cannotresohe
the pixelsfor the differentcolors. Unableto achieve this createsartifactscalledthejaggies the

stepwise approximatingof thelines of oneor morecolors.

Figure 2.9: Principle of AngularColor Sepaationin SinglePanelLight Valve Projectors.

2. Angular Color Separation: In thisarchitectureasshavnin Figure2.9,threedichroicmirrors,
separatethe incoming light from the lamp to three angularly separatecdbeams. Each pixel

consistof threesubpidelsfor thethreecolors. And theangularlyseparatetight passeshrough
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micro-lensegonefor eachpixel) which bringthedifferentcoloredlightsto focusonappropriate
subpirels. This happensbecausethe refractive index of the lens is different for different
wavelengthlights. Thus,thesedo not needthe Iters anduseall the light thusincreasingthe

ef ciency of thedevice.

The problemin this systemis thatthe dichroic mirrors needto be very at to avoid distortion
sincethis caneasilyleadto "cross-talk'within colors. Theanglesof illuminationin theselters
cancreatecolor gradients.Second the micro lensesalsoneedto be accuratelymanufctured.

Finally, herealsowe needlargerpanels.

3. Field Sequential: In thisarchitectureamotorrotatesacolorwheelandpresentshered,green
andblue lters in successiono the lamp. Thusat ary time oneof the color lights the panels.
Unlike the otheronepanelsystemtheinformationthatis presentedo the panelin consecutie
time framesmay be highly uncorrelatedThus,theremay be big changesTo do thesechanges
effectively, oftena quitetimeis requiredbetweersubsequerframeswhich leadsto enepy loss
andreductionin lamp ef ciency. Further the switchingtime also may posea limitation for

mary LCD panels.However, they have beensuccessfullyusedin DMD systems.

However, oneimportantpoint to note hereis, someof the recentDLP projectorsusea clear
Iter onthecolorwheelto projectthe grays. Thus,they useafour Iter wheel. With this clear
Iter , the projectorceases$o behae asa normalthreeprimarysystem.So,thebasicassumption
that the light projectedat ary input is the optical superpositiorof the contributionsfrom the
red,greenandblue primariesis no longervalid. As we will seelaterin this thesis this canbe
a signi cant problemwhile modelingand correctingthe color variationacrossmulti-projector

displays.

2.5 Multi Projector Displays

As mentionedn Chapterl, thegoalof multi projectoris to producdife sizeandvery highresolution
images. Theresolutionthat we aretrying to achieve is demonstrateéh Figure2.10. For example,
whenwe usethemto displayatwentydollar bill, we canseehigh resolutiondetailsthatareinvisible
evento thenakedeye. In this sectionwe will discusghegeneraketupof suchmulti projectordisplays

andseveralissueghereof.
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Figure 2.10: Left: Thetwentydollar bill on a tiled display at the University of North Carolina at
ChapelHill. Right: Zoomedn to showthat we canseedetailsinvisibleto thenakedeye

2.5.1 Front and RearProjectionSystems

Figure 2.11: Left: RearProjectionSysterat PrincetonUniversity. Right: Front ProjectionSystenat
University of North Carolina at ChapelHill.

The tiled display may usefront of rear projection. Figure 2.11 shavs two examples. There
are advantagesand disadwantagedor both of them. For rear projectionsystem,an extra spaceis
neededbehindthe screenwhich cannotbe usedfor arny otherpurpose.So, thesehave biggerspace
requirement.On the otherhand,in front projectionsystemsthe projectorsare hungfrom the ceiling
anddo not needary extra dedicatedspace. But, in this case,it is easyto block the light from the
projector thus creatingshadevs on the display as shavn in Figure 2.12. Further the light from
projectorscanblind theusersattimes. Thesecondssueis with displayscreensUsuallysuchdisplays
arebuilt to accommodatenary moving users.So,Lambertiarscreensreidealasthey do notamplify
thespatialvariationin color. However, very few rearprojectionscreensreavailablethathave screen

gain of closeto 1:0. So, typically, rearprojectionscreenshaw larger luminancevariation. But at
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Figure 2.12: Shadowdgormedin front projectionsystems.

the sametime, the diffusednatureof the front projectionscreerallows light to spill from onepixel to

another Thus,rearprojectionscreengproducecrisperpicturesthanfront projectionscreens.

Figure 2.13: Of ce of the Future: Conceptiorat the University of North Carolina at ChapelHill.

2.5.2 ProjectorCon guration

As mentionedin Chapterl, the projectorscan be arrangedin both akutting and overlapping

con guration. However, it is evident from the previous sectionsof this chapterthat the projectors
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would showv considerablérightnesgall off from centerto thefringes. Thusthealutting con guration
would showv severe spatialvariation, especiallyfor rearprojectionsystems.Our analysisshawvs that
this canbe aslarge as20% of the peakluminance.The overlappingcon guration notonly alleviates
the problemof mechanicatigidity of projectorarrangementdyut alsocompensatetor someof the

radialfall off alongthe projectorfringesby overlappingprojectorsnearthe boundaries.

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
picture of a singleprojector

In fact,for someapplicationsgventherestrictionrectangulaprojectionor planardisplayscan
be prohibitive. For example,of ce of the future application,asillustratedin Figure2.13, proposes
the useof the walls of everydayof ce spaceasdisplays. Thus,we would have “pixels everywhere”
which we canusefor somethingascomplex as3D visualizationandteleconferencingpplicationsor
somethingassimpleasour desktop.The Departmenbf Enegy (DOE) is supportingrecentresearch
directedtowardswhat is calledrecon gurable displays wherethe projectorscanbe moved around
to createdifferenttypesof displaysbasedon the users requirements.In suchcasesoften mirrors
mountedon computercontrolledpantilt unitsareusedto move the projectorsprojectionareaaround,
asshavn in Figure2.14. Thus, we can createdisplayswhich do not have projectorsprojectingin

rectangulafashiononly, or on planardisplaysonly asshovn in Figure2.15.

2.5.3 Color Variation

The color variationproblemhasbeenintroducedin Chapterl. In this section,we will provide some
insightsasto how someprojectorcon gurationsmay alleviate the color variation problemto some
extent. As evident from the previous sectionsof this chapter projectorsshowv radial spatial fall

off in brightness. This canbe accentuatedn rear projectionsystemsby the natureof the display
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Figure 2.15: Top Row: Left: Tiled displaysnotrestrictedto rectangulararrays. Right: Tiled display
ona non-planarsurface(Bothat the University of North Carolina at ChapelHill)

screen. Our analysisshaws that this fall off canbe aslarge 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 akutting fashionnot only leadsto a rigid systembut also a display which showvs
severevariationin color. Basedntheseobsenrations,severalinnovative projectorcon gurationshave
beensuggestedo alleviate this problem. Someof theseinclude arrangingprojectorsin hong/comb
fashionor overlappingprojectors.Someof thesehave beeninvesticgated[Majumder0] andit would

beinterestingo investigatemoreon sucharrangementms thefuture.

2.5.4 OwerlappingRegions

The overlappingregions in multi-projector displaysraise several issueslike what happengo the
brightnesscontrastand resolutionin this region? Do we really entera regime wherewe can get
bettercontrast,brightnessand resolutionin the overlap region? Doesthat meanthat we can just
overlapprojectorsandget betterdisplays?In this section,for the sale of completenessye address
theseissuedirie y.

We addressheseissuedrom a signalprocessingpoint of view. Let usconsiderasignalP with

maximumat Pnax andminimumat P, . Thebrightnesgmean)of this signalis de ned as

_ Pmax + Pmin )
I:)brightness - f

Thecontrasbf thesignalis de ned by Michelsons contrastas

I:)max IDmin .

Pcontr ast = .
I:)max + I:)min
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Let usnow look attheoverlapregion formedby two suchsignalsP; andP». Let thecombined

signalbecalledP.

Brightness

The brightnessof P is the addition of the brightnessof the two separateprojectors. Thuswe get
higherbrightnesdn the overlapregion. In the generalcaseof n projectoroverlaps,the brightnesds

the sumof the brightnessf all then projectors.

Contrast

However, notethatfor contrasthis is not the case.First, becausef the blackoffset(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 the overlappingregion will not changesigni cantly. However, it mayshaw slight changes

dependingon thevariationof rangeandbrightnessf the projectors.

Spatial Resolution

Thenext importantissueis theresolution.lt may seemthatwe canoverlapprojectorswe canachieze
higherresolutionin this region by usingsuperresolutionimages. Let us investigateif this is really
possible.

Letthesamplingfrequeny bef s. Thisde nestheresolutionatwhichtheimageto be projected
is sampled Now, this meanghatthe analogsignalsampledn thisimagemustbe bandlimited to %
to avoid aliasingeffects. Further the point spreadunction of the pixels of eachprojectorshouldhave
awidth of f, = %5 in the frequengy domainfor faithful reconstruction.If f is larger(pixels are
sharperin the spatialdomain),somelow frequenciewill shav up ashigh frequeng. Thiswill lead
to screendoor effect or pixelization. If f is lower (wider pixels), somehigh frequeng will be lost
leadingto blurredpictures. This is whathappengor a non-overlappedorojector Let me mentionas
asideremarkhere thatthisis thereasorwe seeblurredpixels nearthefringesof projectorssetupin
highly obliquefashion.Thef , is muchlower leadingto lost high frequencies.

Let usnow consideranoverlapof two projectors.Let usassumehatthe analogsignalis band

limited to f ¢ insteadof %S This assureshatthe resolutionin the overlapregionis not limited by the
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frequeng contentof thesignalitself. In fact,this basicallyassuredhatwe aretrying to projectasuper
resolutionimage.

Now let usassumehatthe pixels of thetwo projectorsareoffsetby exactly half a pixel. Under
theassumptiothatthecomputeto projectorinterfaceis digital, thisincreaseshesamplingfrequeng
from fs to 2fs. Now, if the point spreadfunctionis still f,, while reconstructionfrequenciesonly
till f5 will be passedandall the higherfrequenciegieneratedy the superresolutionimagewill be
discarded Thus,if we have the samepoint spreadunction, having superresolutionwill notincrease
theresolution but atthe sametime it cannotreducetheresolutioneither However, if f , is increased

(pixelsaremadesharper)thenhigherfrequenciesvill be passedeadingto higherresolution.

Figure 2.16: Frequencyesponséor overlappedshiftedcombs. Top left: Responsefa combof width
T. Others: Responsef a combof width T addedin spacewith a similar combbut shiftedby T/2 (top
left), T/4 (bottomleft) and T/8 (bottomright).

Now let us considerthe moregeneralcasewherethe offsetis not exactly half the pixel width.
In this contet, let us rst investigate,why addingup two combfunctions(usedto samplethe analog
image)shiftedby anamountwhich is half the width betweerthe combs,resultsin a combof higher

frequeng in thefrequeny domain(i.e. highersamplingfrequeng)? Let thewidth betweerthecombs
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beT. Thereforethe width of correspondindrequeny domaincombis 1=T. Whathappensn the
spatialdomainwhenwe addtwo signalsis interferencelf theoriginal signalhasafrequeng spectrum
of A(f), the signalobtainedby addingthe samesignalshiftedby s to it givesa frequeng spectrum
B(f)

B(f) = 2A(f)cox2 fs

wheref = 1.

Now notethatfor acomb(Figure2.16),the spectrums de ned for only f = & wheren is an
integer Now, whens = % (the shift is half the pixel width) B (f ) becomeseroat oddn. Thusthe
samplingfrequeng doubles But for amoregenerall , insteadof all the oddfrequencieslisappearing
completelysomefrequenciegietmodulatedvhile othersdisappearThisis illustratedin Figure2.16.
For example,for s = T=4, 4n + 2 frequencieglisappearwhile all the oddfrequenciesaremultiplied

P~ , :
by 2. Inthatcasehaving thesamef , = % canresultin two effects.

1. If thefrequeny componentor n = 1is absen{only happensvhenshiftis Tj), thenwe would
getthe sameresolutionasthe overlaps,but ampli ed. Thisis the specialcaseof whenthetwo
projectorsoverlapatanoffsetof half thepixel. However, in thiscaseasmentionedefore,if we
malke f , higher we cangethigherresolution.Notethatthis meanghatwe will seepixelization

in thenon-overlapregion.

2. If thefrequeny componenfor n = 1 is modulateddueto spatialinterferencewe would see
aliasing,thoughwe will notloseresolution. So,in orderto avoid aliasing,we shouldnot use

supersampling.

In summarywe canusesupetrresolutiononly if the pixels are offset by exactly half the pixel
width andthe reconstructiorkernelis narraved by half. For all othercasessuperresolutionis not

achiezable.In fact,it candegradeimagequality by introducingaliasingartifacts.

Color Resolution

For eachchannebf the projector theintensityresolutionis de ned asintensityperunit level. Sofor a
singleprojectordisplaywith n discretdevels(n is usually256for 8 bit projectordepths)theintensity

resolutioncanbede ned asbrightnesgperunit level,

_ I::'brightness
Pres = f
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Hereis theproofof the higherintensityresolutionachievedfrom aCGOdisplay Assumehatwe have
two projectorsP; andP,, with samenumberof levelsfor eachchanneln, makingup the CGO. For
simplicity, let usassumehatprojectorshave linearrespons@f luminance.Further let the projectors
have the blackandwhite levelsasl 1(0) = L1;12(0) = Lo andli(n 1) = Hy;lo(n 1) = H»
respectiely. For any otherinputk, (0 k n 1), becaus®f thelinearresponsel, (k) = L + sk,

wheres is the slopeof thelinearresponseThusfor atwo projectoroverlap,
Le(i; ) = 1a(i) + 12():
Rearrangingheterms,we get
le(i;j)=Li+ Lo+ sg(i+jr)

, Wherer = g—i Clearly the numberof unique,discretelevels, | ; cantake is the numberof unigque
valuesk = i+ jr,0 i;j n 1cantake.lt canbeprovedthat(2n 1) ncgo n2. Similar
calculationscan be donefor the threedifferentchannelsof color projectorsand for more thantwo
projectors.Thusthe numberof levelsfor a CGOwith m projectorscanbe minimumof O(nm) and
maximumof O(n™). But notethat, the brightnessalsomultiplies. So, the minimum resolutioncan
be identicalto the non-overlappingcasewhenthe numberof levelsis O(nm) andcango up if the
slopeof thechanneresponsearedifferent. This saysthatif we useprojectorswith differentchannel
gammarfunctions,we canhave somehigherchannelintensity resolutionandthereforehighercolor

resolution but we do notloseary color resolutionby having projectorswith samegammafunctions.

34



CHAPTER3

Perception

The endusersof theselarge high resolutiondisplaysarehumans.In orderto succeedn makingthe
humansusethesedisplayseffectively needto know aboutthe capabilitiesand limitations of human

vision. Thiswill helpusin two ways.

1. It will help us de ne the minimal requirementof suchdisplaysin termsof propertieslike
resolution,brightnessandso on. Thus,we canbuild costeffective display Note thatwe are
dealingwith expensve resourcesand building displayswith superoptimal capabilitieswould

only increasdhetotal costof the systemthusmakingthemcostprohibitive.

2. Sometimesknowing the limitations of humanvisual systemcan help us solve for certain
problemseasily For example,we mentionedn Chapterl thata perceptualiniformity instead

of color uniformity canachiese displayswith higherdynamicrange.

In this chapteywe discussbrie y the humanvisual systemanda few relevantvisual capabilitiesand
phenomenaTlheseareselectve relevantmaterialcompiledfrom variousreferencesik e [Goldstein01,
Valois90,Chorley81]. Thenwe studytheimpactof thesevisuallimitationsandcapabilitiesn several

processeandchoicesmadewhile building tiled displays.

3.1 Perception

Before describingthe humanvisual system,we will brie y visit the basiclaws of perception.The
differencethresholdis the smallesamountof differencebetweertwo stimuli thata humancandetect.
Weberlaw saysthat the ratio of the differencethresholdandthe intensity stimuli is constant. This
thresholdis dependenbn mary factorslik e distancefrom the stimuli, ambientlight etc, andusually

variesbetweenl 10%



Startingfrom this point, Fechneshavedthatthe magnitudeof the perceved sensations often
notlinearly relatedwith the magnitudeof the stimulus.Later, Stevenprovedthatthesetwo arerelated

by a power function. Thisis Steven's PowerLaw andis givenby
P erceivedSensation = K (Stimul us)

This is true for humanperceptionof luminance. If < 1.0, thenthe changeis responsds more
rapidthanthe changen stimulus.Suchresponseareexpansive For example,humanresponseo an
electricshockstimuli is expansve. Ontheotherhand,if > 1.0, thenthechangean responsés less
rapidthanthe changen stimuli. Theseresponsearecompessive For example,the responsef the

humaneye to intensityof light is compressie.

3.2 Human Visual System

Figure3.1: TheHumanEye

The humanvisualsystemcompriseghe sensoreye andtheregionsof the brain, namelylateral
geniculatenucleus striatecortex andextra cortex regions. Figure 3.1 shavs the eye. Thelight enters
theeyethroughthecorneaandthelens. Thesetwo actasthefocusingelement®of theeye. Thelight is
focussedntheretina,whichlinesthebackin eye andis enrichedwith sensor@ndretina. Thesensors
areactivatedwhenlight falls on the retina. Thesetrigger electricalsignalswhich then o w through
theneurongo thedifferentregionsof the brainwhereit is decodedandinterpreted.

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

accommodationWhenthe eye is focusedat differentdepthsthesemuscledengthenor shortenthe
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lens, letting the eye to focusat differentdistances.Thus,thesemuscleshelp the eye to actasalens
with variablefocal length. However, the eye fails to focusbeyondandbeforea certaindistancewhich

arecalledthe depthof focusandthe near point of the eye respectiely.

Figure 3.2: Thedistribution of the sensos ontheretina. Theeye ontheleft indicatesthe locationsof
theretinain degreesrelativeto thefovea. Thisis repeatedasthe x axisof the chart ontheright.

Theretinacontaingwo typesof sensorglistributedin it, rodsandthe cones Thesesensorsare
connectedo cellsin theretinacalledthe ganglions.The ganglioncell bers join togetherto form the
opticnene. Theplacewheretheoptic nene leavestheretinais devoid of ary sensorgandis calledthe
blind spot Thereis oneareaontheretinathatcontainsonly thecones.Thisis calledthefovea Figure
3.2 shaws the distribution of the sensorn theretina. Thereareabout120million rodsbut they are
distributedmostlyin theperipheryof theeye. Theconesareabout5 million in numberandaremostly
concentratediearthefovea. The conesesponséo differentwavelength<of light while rodsresponse

to brightnes®f light. Thus,conesareresponsibldor colorvisionandrodsaresensitve to brightness.

3.3 Visual Limitations and Capabilities

In this sectionwe will seehow the natureof the sensorandtheir distribution explain differentvisual

limitationsandcapabilitieghatwe explainin everydaylife.

3.3.1 Luminanceand chrominancesensitivity

Justby the sheemumberof the rods, it is evidentthatthe eye is muchmore sensitve to luminance

thanto chrominanceln fact, several studiesshav thatthe eye is at leastan orderof magnitudemore
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sensitve to luminancethanto chrominanceThis obsenationhasbeenusedtio adwantagen thedesign

of analogcolortelevision standardsinddigital imagecompressiomlgorithmslike JPEGandMPEG.

3.3.2 Lower Color Acuity in Peripheral Vision

Sinceconesaresparselydistributedontheperipherabnddenseonly atthefovea,our peripheralision

is mostly blackandwhite with very low color sensitvity.

3.3.3 Lower Color Acuity in Dark

Therearealimited numberof ganglioncellsin theeye. Thesecellstriggeronly if the strengthof the
stimulusis greaterthana threshold. Sincerodsarealmost25 timesmorein numberthanthe cones,
the numberof rodsattachedo a ganglioncell is muchhigherthanthe numberof cones.The number
of sensorattachedvith asingleganglioncell is calledits convergence Justthe by thevirtue of large
numbersthe cornvergenceof the rodsare muchhigherthanthe cones. At night, eachof the sensors
receve verylow lighti.e. verylow stimulus.But sincethe corvergenceof therodsis high, the sumof
the stimuluscorverging on a ganglionfrom the rodscanmake it go beyondthethresholdandtrigger
the ganglion. However, dueto the low convergenceof the conesthey do not succeedo trigger the

ganglionsat suchlow intensityof the stimulus.

3.3.4 Lower Resolutionin Dark

Thesensitvity of theeyereducesn thedarkalsodueto thesameeasonWe detectaspatialresolution
whentwo differentganglioncellsareexcited. Dueto the highercorvergenceof therods,evenwhen
differentrod sensorsare excited, it may meanthatonly oneganglioncell is triggered.However, due
to low corvergenceof the conestriggeringa few conesis sufcient to triggermary ganglions.Since
atdark, the stimuluson the conescannotmeetthe thresholdrequiredto triggerthe ganglioncells,we

do notseehigh resolutionin dark.

3.3.5 Lateral Inhibition

Whena stimulusis imagedon the eye, it affectsa region of the retinacalledthe receptiveelds. All
the ganglionsin thereceptve eld of the retinaareaffectedby the stimulus. However, it hasbeen

foundthatall the ganglionsarenot affectedsimilarly. The ganglionsnearthe centerareexcitedwhile
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theonesin the peripheryareinhibited. This phenomenomwf excitatory centerandinhibitory surround

is calledlateralinhibition andcreatesnary visualartifacts.

Figure 3.3: Left: Mach BandEffect. Right: ShematicExplanation.

The mostcommoneffect is calledmad bands The left picture of Figure 3.3 illustratesthe
effect. Theimagecontainseight stepsof the blue. Notice how the color in eachof the eight stepsof
blueappearso changeatthetransition beingdarkerontheleft andbrighterontheright. But, thecolor
is in reality the samefor eachstep. Theright pictureillustratesthe effect schematically Wheneer
we are presentedvith a steepgradientasshavn by the blackline, we actuallyseetheredline. This
canbeexplainedby thelateralinhibition phenomenonLet usassumehatthe edgehasbrightercolor
ontheright anddarker color ontheleft. For theregion justto theleft of the edge,a largeinhibitory
responsdrom theright brighterregion makesit darker. On the otherhand,theregion justto theright

of theedgereceveslesserinhibition dueto the dark surroundgiving the brighterregion.

3.3.6 Spatial FrequencySensitivity

The densityof the sensorson the retinaand their corvergenceon the ganglion cells alsolimit the
human capability to detectspatial frequeng. In fact, our eyes act as band pass lters passing
frequenciesetween2 60 cycles per degree of anglesubtendedo the eye. But, we canbarely
detectfrequenciesbore 30 cyclesperdegree. So, for all practicalpurposesthe cut off frequeny is
oftenconsidereds30 cyclesperdegree.

And asexpectedthis bandbecomesarraver andnarraver asthebrightnessiecreasesAnd in
darkwe arelimited to very low resolutionvision asmentionecearlier In fact, it is interestingto note
thatthroughthe evolution procesdifferentanimalshave developedeyeswhich actsasdifferentband
passlters dependingn their requirementskFor example,afalconneeddo detectits prey from high

upin thesky. Soafalcon's eye candetectspatialfrequenciedbetweerb 80 cyclesperdegree.
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3.3.7 ContrastSensitivityFunction

Figure 3.4: TheContrast Sensitivé~unctionfor HumanEye

In fact,we needsignalsto have a minimum contrasto deciphettheir spatialfrequeng. Thisis
calledthe contrastthreshold Thisthresholdchangeslependingnthespatialfrequeng. Thecontrast
sensitvity functionis shavn in Figure3.4. Usually, the contrastsensitvity of humansncreasewith
frequeng till it reachesa peakandthen startsto fall down being almostzero after 60 cycles per
degree. This implies that the humanvisual systemis not sensitve to smoothluminancechanges.
The sensitvity increasewith moderapid changesandfor very rapid changeghe sensitvity again
decreases.

However, the contrastsensitvity decreasewvith lower brightness. This meansthat we need
morecontrasto detectifferentspatiafrequeng atlowerbrightnessAlso, asexpectedthemaximum
spatialfrequeny we candetectreducesAnd thefrequenyg atwhichit reaches peakkeepsreducing
with decreasindprightnessNotethatatverylow brightnesshecurve almostdecreasesionotonically

Also, it hasbeenshavedthatour contrastsensitvity is alsodependenbdn the orientationof the
signal. We aremaximumsensitve to horizontalor vertical signalsandthe contrastsensitvity is lesser

for otherobliqueangles.
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3.4 Relationshipto Tiled Displays

Now thatwe have introducedhedifferentcapabilitiesandlimitations,hereareafew instance®f how

we canusethis knowledgewhile building tiled displays.

3.4.1 Resolution

Tiled displaysarebuilt with the goal of providing the userswith a extremelyhigh resolutiondisplay
Now the questionis, how muchresolutiondo we really need?Our knowvledgeof visual system(as
presentedn the precedingsection)will answetthis questioreasily

Humanscanseea maximumof 30 cycles/dgree. Thusfor a personat distanced ft from the
screenthedistanceof thescreerthatsubtendsnangleof onedegreeon eyeis givenby the productof
thedistancgin inches)andtheangle(in radians)whichis 12d =180inches.To matchthe maximum
humansensitvity, asperthe Nyquistsamplingcondition,we shouldhave 60 pixelsin this dimension.

Hencetherequiredresolutionr in pixels/inchshouldsatisfy

60 _ 286
12d
180 d

r>

Theplotof d vsr is shovn in Figure3.5. Also, notethatthis is the minimumrequiremenfor spatial
frequeng in horizontalandverticaldirections.Our spatialfrequeny sensitvitiesarelowerfor oblique
directionsandhencewewill requirelessresolutionthatgivenby Figure3.5. So, Thoughtheoretically
we may needin nite resolution(for d = 0), for all practicalpurposesa maximumresolutionof

500 600pixels/inchshouldbesufcient.

3.4.2 Black Offset

Note that we found that we needhigher contrastat lower brightnessto detectdifferent spatial
frequeng. Also notethatwith blackoffset,the contrasiof thesignalreducesnoreasthebrightnesof
thesignaldecreasesSo, perceptuallyblackoffsetreducesontrastor the signalsfor which we would

needmorecontrast.

3.4.3 SpatialLuminance Variation

From contrastsensitve function, we know that we are not very sensitve to gradualluminance
variation.Fromthisfactandthe Weberlaw, a quantitatve measuref theamountof spatialluminance

variationwe cantoleratehasbeendeterminedLloyd0Z. We cantoleratea luminancevariation of
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Figure 3.5: Left: Thisshowsthe plot of the distanceof the viewer fromthe screend vsthe minimum
resolutionr requiredby a display

= 10 15%perdegreeof the eye. Thereforegivena resolutionof r pixels/inchandthe viewer

distanceof d ft, we cantoleratealuminancevariationof ;—— perpixel.
180

3.4.4 Visual Acuity

Dueto the muchhigherconcentratiorof the rodsin the foveathanin the periphery we have much
highervisualacuitynearthefoveathanin theperiphery Thus,reducingtheresolutionin theperipheral
visual eld of a tracked usermay simplify the image generationwithout ary degradationin the
percevedimagequality, especiallywhenthe useris at a distanceandthe displaycoversa large eld

of view. In fact, this increasedesolutionin the fovea hasthe perceptionof increasingthe overall
contrastof the displayandis calledthe pund effect This effectis utilized in mary CRT projectors.
Theresolutionat the pixels of CRT projectorsoften degradedueto several optical effects. However,

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

CRTsadwantage.

3.4.5 Flicker

It hasbeenshavn thatthe ick er we cantoleratedependsiponthe brightnessof theimage. We are
moresensitve to ick er at higherbrightnessgspeciallyin a dark room settings. Hence,we needa

higherrefreshratesat higherbrightness.In fact, this guidesthe refreshratewe needto have asour
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displaysbecomebrighterandbrighter However, thisis morerelevantfor emissve projectiondevices,
suchasCRTs.
Theseare a few wayswe can usethe limitations and capabilitiesof humanvisual systemto

build displaysandoptimizetheir performances.
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CHAPTER4

Color Variation in Multi-Pr ojector Displays

Thecolorof multi-projectordisplaysshavs signi cant spatialvariationwhich canbevery distracting,
thus breaking the illusion of having a single display The variation can be causedby device
dependenteasondlike 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, interre ection and so on
[Majumder0Q Stonela,Stonelb]. Further deliberatealignmentof projectorsin an overlapping
fashionintroducessigni cant luminancevariation.

We de ne a simple parametricspaceto studythe color variation of multi-projectordisplays.
The parameterare space time andinput. Givena x ed input andtime, the natureof the change
of color over spacecharacterizespatial color variation characteristics.Similarly, given the same
pixel locationandinput, thechangen colorwith time de nestemporalcolor variationcharacteristics.
Finally, for the samepixel locationandtime, the color responseawith changinginput de nes input
response&haracteristics\We analyzethe intra andinter projectorcolor variationsfor multi-projector
displaysandshav that multi-projectordisplaysare differentfrom traditionaldisplaysin mary ways
andhenceassumptionshatcanbe safelymadeaboutotherdisplaydevicescannotbe madefor these
displays.

Next, we identify the differentdevice dependenparametersf a projectorthatcancausecolor
variationin amulti-projectordisplaylik e position,orientation,zoom,lampageandprojectorcontrols
such as brightness,contrastand white balance. We analyzethe effects of the changes in these
parameter®n the color variation and provide insightsto the possiblereasongor thesevariations.
Therehasbeensomework on characterizingpeci cally the 3D color space®f bothLCD andDLP

projectordStonelaStonellh Ourstudyin this chaptercomplementshis work.



Fromtheseanalysiswe make the key observatiorthatthe mostsigni cant causeof the spatial
variationin color of a multi-projectordisplayis the variationin luminance. Most tiled displaysare
madeof multiple projectorsof the samemalke andmodelthatvary negligibly in chrominance.

However, beforewe delve deepinto the studyof the propertyof the color variation,we present

1. Thedetailsof themeasuremergrocessinstrumentsandotherextraneoudactorsthatmayhave

aneffectonouranalysis.

2. Ournotationfor describingcolorandsomepropertiesof ideal displaysbasedn this notation.

4.1 Measurement

As testprojectorsfor our experiments,we usedmultiple Sharp,NEC, Nview, Proximaand Epson
projectors(both LCD and DLP) and both front and back projection systems. We usedat least
3 4 projectorsof eachmodel. The graphsand chartswe presentare only samplesof the results
achieved from differentkinds of projectors.Since,similar resultswereachieved from differentkinds

of projectorsconsistentlytheseresultsarerepresentate of generalprojectorcharacteristics.

4.1.1 MeasuringDevices

The goal of the procesof measuremernis to nd the luminanceandthe chrominancepropertiesat
differentpointsof thetiled displayaccurately Therearetwo optionsfor the optical sensorghatone
mightusefor this purpose.

Spectoradiometeiis anexpensve precision-instrumerthatcanmeasurery color projectedoy
the projectoraccuratelyenablingus to work in a laboratory-calibratedevice-independen8D color
space.But, it canmeasureonly onepoint at atime at a very slow rateof aboutl 20 secondger
measurementFurther it would be dif cult to measurehe responseof every pixel separatelyat a
reasonablgeometricaccurag. Thus,it is unsuitablegor acquiringhigh resolutiondata.

A color camen, on the other hand, is relatively inexpensve and is suitablefor acquiring
high resolutiondatain a very shorttime. Thereare mary existing algorithmsto nd the geometric
correspondencbetweenthe cameracoordinatesand the projector coordinatesassuringgeometric
accurag of thedataacquired But, thelimitationslie in its relatve photometrianaccurag.

With theseoptionsin hand,we usedbothtypesof sensorsbut for differentpurposesFor point

measurementsye useda precisionspectroradiometgiPhotoResearchiPR 715). But, for nding the
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spatialcolor/luminancevariationacrossa projector wherewe needto measurehe color at potentially
every pixel of a projector we use a high resolutiondigital camera. To reducethe photometric
inaccuracie®f the cameraby areasonablamountwe usethe following methods.

UsingCamen as ReliableMeasuringDevice: The non-linearityof the camerds recoveredusingthe
algorithmpresentedn [Deberec97]. Fromthis we generatea color look-up-tablethatlinearizesthe
cameraesponseEvery picturefrom the cameras linearizedusingthis color look-up-table.

It is importantthat the cameradoesnot introduceadditionalspatialvariationthanis already
presenton the displaywall. Hence,the cameramustproduce at elds whenit is measuringa at
color. It is mentionedn [Debevec97]thatmostcamerasatisfythis propertyatlower aperturesettings,
especiallybelov F8. Our camera(Fuji Im MX 2900) shaved a standarddeviation of 2 3% for
at eld images.Theseat eld imagesweregeneratedy taking picturesof nearly-difusedplanar
surfaceslluminatedby a studiolight with a diffusion lter mountedonit.

To assurethat a cameraimageis not underor over exposedwe run simple underor over
saturatiortests.Thediffering exposuresreaccountedor by appropriatescalingfactorgDebevec97].

Finally, to assuregeometricaccurag of the measurementsye use a geometriccalibration
method[Hereld02]to nd accuratecamerao projectorcorrespondence.

We cannotmeasurell thecolorsprojecteddy the projector if the3D color spaceof thecamera
doesnot containthe spaceof the projector thusrestrictingusto work in a device dependen8D color
space.However, we do not usethe camerafor ary chrominanceneasurementdut only luminance

measurementsso, this doesnot posea problem.

4.1.2 ScreenMaterial and View Dependency

For experimentson front projectionsystemsawve usea closeto Lambertianscreernthatdo not amplify
the color variations.But the Jenmaiscreenwe usefor our backprojectionsystemis not Lambertian.
Thus,themeasuringlevicesaresensitveto viewing angles.In caseof thespectroradiometewe orient
it perpendiculato the point thatis beingmeasuredBut for the camerathe view dependengccannot
be eliminated. However, we usethe camerafor qualitatve analysisof the natureof the luminance
variationin a singleprojector Sincewe arenot trying to generatean accuratejuantitatve model of

thevariation,theview dependengis notcritical.
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4.1.3 AmbientLight

We try to reduceambientlight seenby the sensorsas muchas possibleby taking the readingsin a
darkroomturningoff all lights. Whentakingthe measuremeruf 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

Thereare several representationsf color as presentedn AppendixA. Pleaserefer to this section
for anin-depthtreatiseon color andits measurementBasedon this, we usethe following notation
of color for this thesis. A color K ata pointis measuredy thetuple(L; C). L = lum(K) is the
luminanceor amountof light falling at the point measuredn cd=n? (asde nedin SectionA.1), and
C = chr(K) isthechrominancele ned by thechromaticitycoordinatesupleC = (x;y) (asde ned

in sectionA.2.6).

4.2.1 Color Operators

Addition: The optical superpositiorof two colorsK; = (L1;C;) andK, = (L2; Cy) is de ned as
K= (L C)=K; Ky where
P
x _ LG
3 :

Notethat is bothcommutatve andassociatie. Thisis consistentvith thede nition in the previous
section sincethe proportionof eachcoloris givenby L ;=L.
Luminance Scaling: The luminancescalingof acolor K1 = (L1;C1) by a scalark is de ned as
K= (L C)=k Kgi,where

L = kL 1;C = Cq:

Notethat doesnotchangehechrominancef acoloranddistributesover
Observation:If K1 = (L1;C1), K2 = (L2;Cy) andC; = C2 thenthe chrominanceC of K =

K1 KsisthesameasC;.
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4.2.2 Ideal Displays

All displaysproducecolor by usingthreeprimaries. Thesethreecolors(e.g. R,G,B) andthe input
pathsfor theseprimariesare calledchannels] 2 fr;g;bg. Theinput for eachprimary hasa range
from 0:0 to 1:0. Let the colors projectedby the displayfor the input of 1:0 at eachchannel(and
0:0in othertwo channelspe(Lr;XRr;Yr).(Lc;XG;Ys) and(Lg; Xg;Yys) respectiely. Thetriangle
formed by the chromaticity coordinatesof theseprimariesis calledthe color gamutof the display
Thus,color gamutis independendf theluminancel .

As mentionedbefore, sincethe gamut of the display (the triangle madeby the coordinates
(Xr;YR), (XG:;Ye) and (xg;yg) in the chromaticity diagram)is always a subsetof the CIE
chromaticityspacede ned by the imaginaryprimaries,a real displaycannever produceall possible
colors. Also, notice that the position of the three primariesin the chromaticity diagramis away
from the boundaryof the visual spectrumwhich saysthatthey arenot monochromatidight. Each
phosphomproducesa bandof wavelengthandasa resultproducesa color thatis lesssaturatedhan
themonochromaticolor of the samehue. However, thereal primariesmustbe chosersuchthatthey
areindependentindependenmeanghat noneof the primariescanbe reproducedy a combination
of two other primaries. Or in otherwords, the three primariescannotlie on a straightline in the
chromaticitydiagram.

Ideally, it is desirableto have a displaywheregiven the propertiesof the primaries,one can
predict, using simple formulae, the propertiesof ary color producedby the combinationof the

primaries.This become®asyif thedisplaysatis esthefollowing properties.

1. ChannelindependenceThis assumeshatthelight projectedfrom onechannelis independent
of theothertwo. Thus,thisindicateghatlight from otherchannelshouldnotinterferewith the

light projectedrom achannel.

2. ChannelConstancy:This assumeshatonly luminancechangesith changingchannelinputs.
Forinput0:0 r 1.0, thechromaticitycoordinategx, ;y;) of r areconstanat(xg;yr) and

only theluminancel; changes.
3. SpatialHomaeneity: Therespons®f all the pixelsof thedisplayis identicalfor ary input.

4. Tempoel Stability: Theresponséor ary inputatary pixel of the displaydoesnot changewith

time.
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The property of optical superpositionstatesthat light falling at the samephysical location
from differentsourcesaddsup. The propertiesof channelconstang, channelindependencegptical
superpositioralongwith the assumptiorthatwith aninput of (0; 0; 0) the display outputszerolight
indicatesthat the color projectedat a pixel is a linear combinationof the color projectedby the
maximumvaluesof thered,greenandblue channelsalonewhenthe valuesof the othertwo channels
aresetto zero.Hencefor ary inputc = (r;g;0),0:0 r;g;b 1.0, theluminanceandchrominance
of cisgivenby as

Lc= L+ Lg+ Ly
(c¥e) = T-OxmivR) + [2(xaive) + (Plxeive):
Thisis referredto asthelinear combinationproperty.

Giventhelinear combination the spatialhomogeneityandthe temporalstability property we
canpredictthe color at ary pixel at arny input from the responsef the primariesat any onepixel of
thedisplay Mosttraditionaldisplaydeviceslike CRT monitorssatisfythesepropertieso areasonable
accurag or the deviation from this ideal behaior is simple enoughto be modeledby simplelinear
mathematicalunctions[D.H.Brainard89].However, we will seein thischapteraprojectoris notsuch
anidealdevice.

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

measurementskenusinga spectroradiometesr acamera.

4.3 Intra-Pr ojector Variation

In this section,we studytheintra-projectorvariations.In the processve shav thatthe projectorsdo

notfollow thedesirablepropertieamentionedabore.

4.3.1 Input Variation

One importantconsequencef a display to satisfy channelindependencend channel constancy
propertyis thattheresponséor black(inputof (0; 0; 0)) shouldhave zerolight. Howeverin projectors,
becauseof leakagelight, somelight is projectedeven for black. This is called the bladk offset
Hencethe chromaticityfor arny channelat zerois the chromaticityof this achromaticblack. As the
inputsincreasethe chromaticityreaches constanwalueasit shouldfor a device following channel

constang. Thisis demonstrateth Figure4.1. Thecontoursshavn in Figure4.2shovs how thegamut
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Figure 4.1: Left: LuminanceResponsef the three channels;Right: Chromaticity x for the three
channels. The shapeof the curvesfor chromaticity y are similar.
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startsout asa singlepointfor 0 in all the threechannelsandthenattainsthe nal redtriangleatthe
highestinput value. However, if this black offsetis subtractedrom the responseof all inputs, the
chromaticitycoordinatecurvesfor thethreechannelgshovn with the dottedlinesin right picture of
Figure4.1)will beconstan{StonelaStonelb].

From the variousmeasurementae hadfrom the spectroradiometewe found that this black
offsetcanbe up to 2% of the maximumluminanceprojectedper channel.However, this candeviate
considerablyacrosdifferentprojectors.We studiedthe black offsetof fteen samebrandprojectors
with similar controlsettings.They shavedarelative standardleviation of about25%

If the black offsetis accountedor by the linear offsetterm, almostall projectorsexhibit the
linear combinationproperty However, someDLP projectorsdo not exhibit the linear combination
propertyfor the grays. We foundthatin DLP projectorswith a four-segmentcolor wheelthata clear

Iter elemenis usedo enhancehecontrasbf graysbeyondthatachievablewith asimplecombination
of red,greenandblue Iter channelsThis differenceis illustratedin Figure4.2. The effect hasbeen
modeledn [Stonelaby anadditive gamutwith anextrusionat thewhite point.

It hasbeenshavn beforethat the CRT monitors have a per channelnon-linearluminance
responsewnhich resemblesa power function [Berns92h Berns92aD.H.Brainard89. This assures
a monotonicnatureof the response.Unlike this, we found that projectorstypically have S-shaped
non-monotonidesponseasshavn in Figure4.1and4.6 (for two channelof a projector). The black
offsetis characteristiof projectorswith light blockingtechnologiesik e liquid crystaldevice (LCD)
or digital micro mirror (DMD). Projectorsusingcathoderay tubetechnologydo not shav the black

offsetproblemto a perceptibleaxtent. Following aresomeof thereasongor the black offset.

1. For projectorsn "drivento black' mode theblackoffsetcanbe easilycontrolledto bevery low
by increasingthe appliedvoltageto the LCD. However, for projectorswith “driven to white'
modethe amountof light leakingout for black cannotbe controlledby increasinghe voltage.

Hence theseprojectorscanhave high black offsetsleadingto poorcontrast.

2. The Schlierenlens usedin polymer dispersedliquid crystal (PDLC) devices often cannot
separatdhe polarizedandthe unpolarizedight well and can passunpolarizedight at black,

thusreducingcontrast.

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

well absorbed.The eliminationof this light is often not 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 large black offsetandthuslower contrast.

4.3.2 Spatial Variation

Luminance response of single channel at different spatial locations Spatial Variation of Luminance of a single channel
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Figure4.3: Left: LuminanceResponseftheredchannelplottedagainstinputat four differentspatial
locations; Right: LuminanceVariation of differentinputs of the red channelplotted againstspatial
location. Theresponseare similar for otherchannels.

Projectorsaarenotspatiallyhomogeneousither Accuratduminanceandchrominanceeadings
weretakenat ve equallyspacedocationson the projectordiagonalusingthe spectroradiometeiVWe
namedhesdocationsfrom 1 to 5 startingatthetopleft cornemosition. Theluminancereaches peak
atthecenter(location3) asseenin Figure4.3. Theluminancefalls off atthefringesby afactorwhich
may be ashigh as80% of the peakluminanceat the centerfor the rearprojectionsystemsandabout
50% for front projectionsystem. This considerabldall-off in luminanceindicatesthat having wide
overlapsbetweenprojectorsin a multi-projectordisplay canhelp usto geta betteroverall dynamic
range.

Further the importantthing to note hereis that only the luminancechangesspatially while
the color gamut remainsalmostidentical as shavn in Figure 4.4. The gamutis measuredrom
the chromaticity coordinatesof the primariesat their highestintensities. We measuredhe input
chromaticity responseat different spatiallocationsand found that the gamut varieslittle spatially
for thewholerangeof inputs.Figure4.5shavs the spatialvariationof the chromaticitycoordinate ®f

greento illustratethis. Notethatthe boththe chromaticitycoordinatex andy arespatiallyconstant.
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Variation of Color Gamuts with change in Spatial location
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Figure 4.4: Left: Color gamutat four differentspatiallocationsof the sameprojector; Right: Spatial
variationin luminanceof a singleprojectorfor input(1; 0; 0).
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Given theseobsenations from the spectroradiometemeasurementsye useda camerato
measurehe intra-projectorspatialluminancevariation at a much higher resolution. The readings
aretakenby carefullyaligningthe camergerpendiculato thescreen Theluminanceresponsshavs
a peaksomevherenearthe centerandthenfalls off radially towardsthe fringesin an asymmetric
fashion. Finally, the patternof this fall-off variesfrom projectorto projector Figure4.4 shows the
luminancevariationacrossa singleprojectors eld of view for input(1; 0; 0).

Anotherimportantobsenation is the normalizedper channelnon-linearluminanceresponse
remainsconstantspatially This indicatesthat the shapeof the luminancefall off is similar for all
inputs of a channel. Hence,the shapeof the non-linearityresponsedoesnot change but only the

rangechanges.

1. Physicalreasondor luminancevariation: The spatialfall off in luminancein projectorscanbe

dueto following reasonsvhich arenot dependenon the projectiontechnology{Stupp99].

(a) The spatial fall off also dependson the distanceattenuationof light. This distance
attenuatiordependson the throw ratio of the projectors. The higherthe throw ratio, the
lower is the distanceattenuatiorof light. Usuallyfor rearprojectionsystemssmallthron
ratio projectorsareusedto reducethe spaceequiredbehindthescreenHence they often

shawv higherluminancefall off atthefringes.

(b) Theopticalelementswithin the projectorlik e theintegratorsandothersresultin a certain

degreeof vignettingor non-uniform eld brightness.

(c) Asillustratedin Section4.4, non-othogonahlignmentof the projectorwith respecto the
displaysurfaceproduce$othanopticaldistortion(keystoning)andaresultanigradientin

ux density

(d) Thenon-Lambertiamatureof thedisplaymalkesthe luminancevariationmoreacute.The
asymmetnyin thefall-off patterngetspronouncedvith off-axis projection,aswe will see
in the following sections. This indicatesthat the orientationof the projectoris partially

responsibldor thisasymmetry

The technologydependenspatial luminancefall off in CRT projectorsmay be due to the

following reasongStupp99].
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(a) Whenthelight is incidentat larger anglesof the faceplate, total internalre ection can
resultin somelight getting trappedin the glassand hencelesslight comingout of the

system.This giveslower luminanceatthefringes.

(b) If thelight collectorsare at, light is lostatthefringes. Usually, they aremadecorvex at

the expenseof having moreexpensve opticsto avoid this lossof light atthefringes

Thetechnologydependenspatialluminancefall off in light valve projectorsmaybe dueto the

following reasons.

(a) Theamountof light re ected by the glasssubstrateon which the lters are mountedis
usually a function of angle of incidence. It is 4% at normal incidenceand becoming
100% after the critical anglefor total internal re ection. This changeghe amountof
light transmittedfor both telecentricand non-telecentricsystemshusleadingto spatial
luminancefall off at higherangles. This may causethe asymmetryin fall-off for non-

telecentricsystemsAs a solution,oftenthe gradientis built into the Iter .

(b) At veryhightemperaturethearcof someof thehalidelampscanbow. This createspatial

luminancevariationpatterns.

2. Physicalreasonsof chrominancevariation: The chrominancedependson the physical red,
greenandblue lters of theprojectorswhich are(within manufcturingtolerancesindependent
of the spatialcoordinates.Hence,the chrominances also spatially almostconstant. A few

reasongor thesmallvariationsin chrominanceindthe color gamutareasfollows [Stupp99].

(a) The spectrumproducedby the dichroic lters shift to the left with larger anglesof
incidence.Thus,if light strikesthe Iter in a non-telecentrienanneythis cancausecolor

gradienteitherin the horizontalor the verticaldirections.

(b) If thesurfaceof thedichroic Iter is not at, the spectralcharacteristiof the Iter differs
spatially Thisleadsto color blotches.
(c) Dueto differentspatialdistribution of the dopinghalideatomsnearthelamparc, different

emissionspectracanoccurat differentlampregionsintroducingcolor blotches.

(d) Mostlampshave emissionlines. To getnarrav bandcolorsfrom theselamps,the lters
needto be very accuratewvhich is not practicallyfeasible. Thus,the errorin the accurag

leadsto projectorsof samebrandandmalke having slightly differentcolor gamuts.
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In CRT projectorsthedifferentorientationof the CRT gunsleadto color shiftswhich needso

be correctedoy lenticularor total internalre ection screens.

4.3.3 TemporalVariation

Luminance response of the green channel with varying bulb age
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Figure 4.6: Left: Per channelnon-linear luminanceresponseof red and blue channel; Right:
LuminanceResponsef the greenchannelat four differentbulb ages

Finally, we nd thatthe projectorsare not temporallystable. The lampin the projectorages
with time andchangeghe color propertiesof the projector Figure4.6 shavs a signi cant difference
in luminanceeven within a shortamountof time while the chrominanceemainsalmostsame.The
luminancevariationis dueto the unpredictabléemporalchangean the positionof thearcin thelamp.
However, chrominancecharacteristicalsodrift alittle afterextensive useof about800 900 hours.
Thereis often a temporalchrominanceshift in halide lamps. Sincemorethanonetype of atomis
presentfor doping, sometimeghis may interactat high temperaturegeducingthe numberof halide
dopantgresent.Thesechangeshe emissionspectrunof thelampover time giving the slight drift in

chrominanceharacteristics.

4.4 Projector Parametersthat ChangeColor Properties

In this section,we identify the different projector parameterghat can changethe color properties
of a projector study the effects of varying theseparameter®n the color propertiesof a large area

multi-projectordisplayandprovide insightsfor the possiblereasondehindsucheffects.
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4.4.1 Position

Luminance response of the red channel for three different axis of projection Spatial variation of luminance of green along the diagonal of a projector i off-axis alignment

(] 50 100 150 200 250 (] 50 100 150 200 250 1 15 2 3 35
Input Values Input Value Location number on the projector diagonal

Figure 4.7: Left: LuminanceResponsef the greenchannelasthe distancefromthe wall is varied
along the axis of projection; Middle: LuminanceResponsef the red channelwith varying axis of
projection; Right: Luminanceresponsef different inputsin the greenchannelplotted againstthe
spatiallocationalongthe projectordiagonalfor obliqueaxis of projection.

Positionis de ned by thedistanceof the projectorfrom thewall alongtheaxisof projectionand
the alignmentof the axis of projectionwith the planardisplaysurface. We studythe color properties
with two setsof experiments.In onewe keepthe orientationconstantwhile changingthe distance

from thewall andin the otherwe keepthedistanceconstanivhile changingthe orientation.

Distanceform the Wall

Figure4.7 shavstheluminancerespons@swe maove the projectorat differentpositionsalongits axis
of projection. The chrominancaemainsconstant. Further the shapeof the spatialvarianceof the
luminancealsoremainghe sameasshown in Figure4.3and4.4.

By moving the projectoraway from the wall, the projectionareaincreasesHencethe amount
of light falling perunit areachangesbut the natureof thefall off doesnotchangeasre ectedin the
obsenation. Thus,thetotal enegy remainsghe samebut the enegy densitychangesvith thedistance
from the centerof the projector Further with the increasein distance the projectors throw ratio

changesvhich cancausea changean luminanceonly.

Off-Axis or Orthogonal Projection

In this setof experimentswe keptthe projectorat the samedistancefrom the wall while we rotated
it aboutx, y, andz directionto have an off-axis projectionat four orientationsbetweenorthogonal
to angledaxis of projectionof 60 degrees. In this casealsowe found thatthe chrominancaemains

constantvhile theluminanceresponsehangeskFigure4.7 shavs theresults. Thenatureof thespatial
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variationis no longersymmetricasin the caseof orthogonalposition (Figure4.3). Nearthe longer
boundaryof the key-stonedprojectionwhich is physically fartheraway from the projector thereis a
higherdropin luminance.

As the orientationbecomesnoreoblique,the luminanceattenuatiorat the projectorboundary
further away from the screenincreasestesultingin asymmetridall-off. Thisis dueto two reasons.
First, thelight from eachpixel getsdistributedover alargerarea.Second{he angledsurfacereceves
lessincidentlight dueto the cosineeffect. Theresultsfor vertical directiondo not shav a symmetry
evenfor orthogonalprojectiondueto offsetprojection.

In theabove casessincemoving the projectorarounddoesnot changeheinternal lters of the

projectorandtheir setup the chrominanceemainsconstanesexpected.

4.4.2 ProjectorControls

The projectorsoffer us variouscontrolslike zoom, brightnesscontrastandwhite balance.Knowing
how thesecontrolsaffecttheluminanceandchrominanceropertiesof theprojectorcanhelpusdecide
thedesirablesettingdor theprojectorcontrolsthatreducevariationwithin andacrosgrojectors.Thus,

we canselectthe bestpossibledynamicrangeandcolor resolutionofferedby the device.

Zoom

e response of a single channel at different brightness settings. Luminance response of a single channel at different brightness. Chromaticty caordinate y response of green channel with varying brightness settings

2501

(CEY)
(CIEY)

(] 50 100 150 200 250 o 50 100 150 200 250 (] 50 100 150 200 250
Input Value Input Value Input Value

Figure 4.8: Left: LuminanceResponsef thegreenchannelwith varyingbrightnesssettings;Middle:
LuminanceRespons®f the greenchannelwith varying brightnesssettingszoomeadnear the lower
inputrange to showthechange in thebladk offset; Right: ChrominanceResponsefthegreenchannel
with varyingbrightnesssettings.

We testedthe projectorsat four different zoom settings. Both luminanceand chrominance

remainconstantith thechangen zoomsettingsof the projector
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With the changein zoom, the amountof light for eachpixel getsdistributed over a different
area. For a focusedprojector it is distributed over a small area,while for an unfocusedorojectorit
is distributedover a larger area. However, the total areaof projectionremainsthe sameandthetotal
amountof photonenegy falling in that arearemainssame. Hencethe light per unit arearemains

unchangedwhile thepercentagef light thateachunit arearecevesfrom thedifferentpixelschanges.

ance response of a single channel with different conirast settings Chromaticity coordinate response of green channel with varying contrast settings

o
(] 50 100 150 200 250 o 50 100 150 o 50 100 150
Input Value Input Value Input Value

Figure 4.9: Left: LuminanceResponsef the greenchannelwith varying contrast settings;Middle:
LuminanceResponsef the green channelwith varying contrast settingszoomednear the lower
luminanceregionto showthatthere is no change in the bladk offset; Right: ChrominanceResponsef
the greenchannelwith varyingcontrastsettings.

Brightness

Luminanceand chrominanceresponsds measuredy putting the brightnesscontrol at 5 different
positions.[Poynton96]mentionghatusuallythebrightnessontrolin displayschangeheblackoffset.
However, in projectors this control affectsboth the gain andblack offset of the luminanceresponse
of all thethreechannelssimilarly andsimultaneouslyTheresultsareillustratedin Figure4.8. As the
brightnesss increasedboththe black offsetandthe gain of theluminanceincreasesHowever, if the
brightnesss too low, the luminanceresponseetsclippedat the lower input range.In thesesettings,
sincethe luminanceremainsat the samelevel for mary lower inputs, the chromaticity coordinates
alsoremainsconstant.At very high brightnesssettings,we obsered somenon-monotonicityin the
luminanceresponsdor the higherinput range. As a consequencéehe chromaticitycoordinatesalso
shav somenon-monotonicityat the higherbrightnesssettings.Thus, it is idealto have the brightness
control setso that thereis no clipping in the lower input rangeor non-monotonicityat higherinput

rangesFor example,in thesellustrations,theideal settingis betweer0:5 and0:75.
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Chrominance response of red channel for varying red brightness control in white balance

of the red channel for varying red brightness control of white balance
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Input Value

Input Val
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Figure 4.10: Left: ChrominanceResponsef the green channel with varying green brightness
settingsfor white balance; Middle: ChrominanceResponsef the red channelwith varying red
contrast settingsfor white balancing; Right: LuminanceResponsef the red channelwith varying

redbrightnesssettingsin white balance

ProjectorBrandand Model Red Green Blue

X y X y X y
SharpXG-E3000U 0.62] 0.32| 0.33| 0.62 | 0.14| 0.07
NEC MT-1035 0.55| 0.31| 0.35| 0.57 | 0.15| 0.09
nView D700Z 0.541 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
Max Distance 0.085 0.086 0.028

Table 4.1: ChromaticityCoordinatesof the primariesof differentbrandsof projectors

Contrast

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

similarly and simultaneously The resultsareillustratedin Figure4.9. [Poynton96] mentionsthat

usuallythe contrastcontrol changeghe gain of the luminancecurve. We found the sameeffect with

the projectors. As the gain increasesthe luminancedifferencebecamesigni cant enoughat lower

inputrangego pushthechromaticityaway from thegraychromaticityvaluestowardsthechromaticity

coordinate®f therespectre primaries.However, the luminanceresponsestartsto shawv seserenon-

monotonicityat higher contrastsettings,thus reducingthe input rangeof monotonicbehaior. So,

contrastsettingshouldbein the monotonicrangeto maximally usethe availablecolor resolution.
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White Balance

The white balanceusuallyhasa brightnessandcontrastcontrol for two of thethreechannelsandthe
third channelactsasareferenceandis x ed. We putthesein ve differentsettingsfor our readings.
The luminanceandthe chrominancaesponsehangesxactly the sameway asfor the independent
brightnessandcontrastcontrols,but the changeaffectsonly onechannelat a timeinsteadof affecting
all of themsimilarly. Thus,it controlsthe proportionof the contritution from eachchanneko a color

whichin turn changeshewhite balancgFigure4.10).

4.5 Inter-Projector Variation

Peak luminance for green channel of 15 different projectors of the same brand Color Gamuts of five different projectors of same brand
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Figure 4.11: Left: Peakluminanceof greenchannelfor fteen differentprojectois of the samemodel
with samecontiol settings;Right: Color gamutof 5 different projectors of the samemodel. Compae
thelarge variationin luminancen Figure 4.11with smallvariationin chrominance

In this sectionwe study how thesepropertiesof a projectorvary acrossdifferent projectors.
Figure 4.11 shaws the luminanceand color gamutresponsdor the maximumintensity of a single
channeffor differentprojectorsof samemodelhaving exactly the samevaluesfor all the parameters
de ned in Section4.4. Thereis nearly 66% variationin the luminance,while the variationis color
gamutis relatively muchsmaller This smallvariationis dueto physicallimitation in theaccurag of
manugcturingidenticalopticalelementdik e lens,bulbsand Iters, evenfor samebrandprojectors.

Figure4.12alsoshavsthehighresolutionchrominanceesponsef adisplaywall madeof four
overlappingprojectorsof samemodel,projectingthesamenputatall pixels. Projectorof samebrand

usuallyusesamebrandbulb (which have similar white points)andsimilar Iters justifying similarity
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in thecolorgamut. However, thisis nottruefor thegraysof the DLP projectorghatusetheclear Iter
wherethe chrominancef graysdiffer signi cantly acrosdifferentprojectorsdueto largevariationin
thisclear lter.

The color gamutacrossprojectorsof differentbrandsdiffer morethansamemodelprojectors
(Table4.4.2). This is alsoillustratedin Figure4.12. However, this is relatively muchsmallerwhen

comparedo theluminancevariation.

Color Gamuts of projectors of different brands
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Figure 4.12: Left: Chrominanceresponsef a displaywall madeof four overlappingprojectois of
samemodel;Right: Color gamutof projectors of differentmodels.

4.6 Luminance Variation is the Primary Causeof Color Variation

Thekey obsenationsfrom experimentsandanalysisof section4.3,4.4and4.5 canbe summarizeds

1. Within a single projectors eld of view, luminancevaries signi cantly while chrominance

remainsnearlyconstant.

2. Luminancevariation is dominantacrossprojectorsof samemaodel, but perceptuallysmall

chrominancevariationsalsoexist.

3. Thevariationin chrominanceacrossprojectorsof differentmodelsis smallwhencomparedo

thevariationin luminance.

4. With the changein variousprojectorparametersik e brightnesscontrast,zoom, distanceand

orientation,only luminancechangesvhile chrominancegemainsconstant.
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CHAPTERS

The Emineoptic Function

5.1 De nitions

< Display
Screen

Figure5.1: Projectoranddisplaycoorinatespace

A planar multi-projector display is a display madeof N projectors,projectingon a planar
displayscreenEachprojectoris denotedoy Pj; 1 j  N. Figure5.1shawvs asimpletwo-projector
displaywall. The blueandredquadrilateralshowv the areasof projectionof P, andP, onthedisplay
screen.

A uni ed display coodinate spaceis de ned by X, Y, andZ with origin O at the top left
cornerof thedisplayplane.The projectorcoodinatespaceof a projectorP; is de ned by X; andY;

onthedisplayplane,Z;, parallelto Z, with origin O; atthetop left cornerof the projectedareaof P; .



The coordinatesf the displayaredenotedby (u; v), andthe coordinatesf a projectorP are

denotedy (s;t). Thesetwo coordinatepairscanberelatedby a geometricwarp
(u;v) = G(s;t; p) (5.1)

wherep = (p*;p¥;p% ;; ;f). Respectiely, f, (p*;p¥;p?) and( ;; ) arethefocal length,
position,and orientationof P in the display coordinatespace. For all practicalsystemsp doesnot
changesinceprojectorsandscreerdo not move relative to eachother Hence thedependengof G on
p in Equation5.1is removed. Thus,

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

A projectorhasthreechannelsfr; g; bg. In generala channelis denotedby | 2 fr;g;bg and
thecorrespondingnputbyi; 2 fi;;ig;ipg;0:0 i 1.0.

Lettheviewerbeate = (ex; ey; €;) in thedisplaycoordinatespace The BRDF of thescreeris
dependentnthedisplaycoordinatesindtheviewerlocationandis denotediy ( u;v;e). Weassume

thatthe BRDF is independendf chrominance.

5.2 The Emineoptic Function

Theemineoptidunction E (u; v;i; €), for amulti-projectordisplayis de ned asthecolorreachinghe

viewer e from adisplaycoordinatg(u; v) whentheinputatthatdisplaycoordinatési = (ir;ig;ip).

5.2.1 EmineopticFunction for a Single Projector

Let us considerone projectorcoordinate(s;t). Let Q(s;t) be the maximumluminancethatcanbe
projectedat thatcoordinatefrom channel. For all inputsi,, theluminanceprojectedis a fraction of
Qi(s;t) givenby hi(s;t;i1);0:0 hi(s;t;i)) 1:.0. Letthechrominancetthatcoordinatefor input
iy beg(s;t; ;). Thus,thecolor projectedatthis coordinate(s;t) for inputi, is givenby

Di(s;t; i) (hi(s;t; i)Qi(s;t) 5 a(s;t; i) (5.3)

hi(s;t i) (Qi(s;t) s a(s;tiy)) (5.4)

A projectorsatis esthepropertyof channelconstancyoy whichc (s;t; i)) isindependentf i;.
We call ¢ (s;t) the channelchrominancefor the displaycoordinate(s;t). Physically, ¢, dependsn

theprojectorcolor Iters andlampcharacteristicsSo,

Di(s;t;i)) = hi(s;t;i))  (Qi(s;t); ¢(s;t)) (5.5)
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[Majumder02Bb shavs thath, doesnotvary with (s;t). So,it is denotedoy h(i,), thetransfer

functionfor channel. So,

Di(s;t; i) = hi(iy)  (Qi(sit) ;a(sit)) (5.6)

Notethath, is similar to the gammafunctionin otherdisplays.In projectorsthis functioncannotbe
expressedy a power () functionandhencewe preferto call it the transferfunctionfor channell.
Further h; shouldsatisfythefollowing two propertiesming;, h(i;) = 0 andmaxg;, h(i;) = 1.

Ideally, thechannelof a projectorareindependendf eachotherandthecolor projectedat(s;t)
forinputi = (ir;ig;ip), T(S;t;1) isgivenby D, (s;t;iy) Dg(sitiig) Dp(S;t;ip)

However, in practice,someextra leakagdight is projectedat all times,in additionto thelight
projectedfrom inputi. Thislight is calledthe black offset We representhisby (B (s;t); cg ), where
B (s;t) is the spatiallyvarying luminancecomponentalledthe bladk luminancefunctionandcg is

thechrominanceThus,thelight projectedby a projectoris
T(s;t;i)= Dy Dg Dp (B(s;t);ca(s;t)): (5.7)
Finally, for aviewer at e, theemineoptidunctionE (u; v; i; €) for asingleprojectoris
E(uvii;e)= (uvie) T(sti); (5.8)

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

5.2.2 EmineopticFunction for a Multi-Projector Display

Let Np denotethe setof projectorsoverlappingat (u; v). The emineopticfunctionE (u; v;i; €) for
thetiled displayis

E(u;vii;€) = jan, Ej(urvii; e): (5.9)

We assumea Lambertianscreenfor which Equation5.9 becomesndependenbf e andis

reducedo
E(u;vii) = jone Tj(sjitjsi): (5.10)

5.3 Relationshipwith Color Variation

Now, thatwe have describedhe emineoptidunction,let usseehow this modelsthe differenttypesof

colorvariation(describedn detailsin Chapterd) in multi-projectordisplays.

Whenp is notassumedo bestatic,G, Q; andB arealsodependenon p.
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Figure 5.2: Left: Color blotcheson a singleprojector Right: Correspondingpercentage deviationin
the shapeof the blueandgreenchannelluminancefunctions.

Intra-Pr ojector Variation

The intra projectorluminancevariationis dueto the fact that the luminancefunction Q, for each
channel for eachprojectoris not at asshown in Figure4.4.
The chrominancevariation, thoughlesssigni cant, is more complicatedto model. The color

blotcheswithin a singleprojectoraremodeledasfollows.

1. First, ¢ variesspatially Thoughit is nearly constantasshowvn in Figure4.5, it is not exactly
constant. However, note that sometimeshis variationis almostnggligible and often cannot

explainthe color blotcheghatarestill seenin the projectors.

2. Thesecondeasorbecamevidentfrom theemineoptidunction. Letthenormalizeduminance

functionfor eachchannebe Q, andthe maximumluminancefor thechannebe
M = max(Qi(s;t):
8s;t
Notethatthe parameteM is notdependenbn the spatialcoordinatesTherefore,

Qi(s;t) = MQ((s;t)

Let us assumehat ¢, is constantover spaceand cannotcausethe color botches. From the
de nition of color operatorsn Sectior4.2.1,thechrominancdor aninputi = (i;;ig;ip), G, IS

givenby §
o aMQhi(iy) 11
|2fr;g;bgMIQ|h|(il) (5.11)

G = y
12f r;g;bg
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Now, if Q is thesamefor all thethreechannelsEquation5.11becomes
X O aMh(i)
12f r:g;bg | 2f r,g’bnghl(ll)

whereevery termis independentf spatialcoordinatesHence the chrominanceloesnot vary

G =

spatially

If Q, is differentfor eachchannelj.e. the shapeof the spatialvariationin luminancefor each
channelis different,the threeprimariescombinein differentproportionsat differentprojector
coordinatesandwe seecolor blotches. The hue of the color blotchesdependson the amount
of deviationin eachchannel.Thus,if the shapeof the luminancefunction acrosshe different

channelsanbe madeto beidentical,someof the color blotchesproblemcanbeeliminated.

We veri ed this in someof the projectorswherethe channelchrominancewvas very closeto
constantWe foundthevariationin Q, acrosdifferentchanneld¢o be amaximumof 20% And
the visible color blotchescoincidedwith the sitesof larger deviation. An exampleof this is

illustratedin Figure5.2.

Inter-Projector Variation

Theinter-projectorluminancevariationis modeledby two parametersthe input transferfunction h,
andthe shapesf the luminancefunctions. Theseare projectordependentind hencedifferent for
differentprojectors.

Thevariationin coloracrosdifferentprojectorsis dueto two factorsagain.

1. First, therelative luminanceof theprimarieswith respecto eachothercanbefoundby theratio
M, for eachchannelwith the other This ratio canvary from projectorto projector Thismeans
thatthe proportionsof red,greenandblueto generate colorwould differ from oneprojectorto
anothemiving differentchrominanceasillustratedin Figure4. This proportioncanbe changed

usingthewhite balancecontrolof the projectors.

2. Secondthisvariationcanalsobedueto adifferencen ¢, acrosgprojectors.Thismeanghatthe

color gamutvariesfrom projectorto projector

Overlap Regions

The color variationin the overlapregion is modeledby the fact that the cardinalityof Np (jNpj)

is not the sameat every display coordinate. The luminanceand chrominancen the overlap region
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canbefoundby usingthe additioncolor operator(presentedn Section4.2.1)on the luminanceand
chrominancdrom eachof thejN p j projectors.Theluminancefrom differentprojectorswill addupto
generatdigherluminancein the overlapregion. Also, if the channekchrominancef the contrikuting

projectorsare different, the overlap region will shawv a differentchrominancehanthe non overlap

region.

5.4 Model Veri cation

Figure 5.3: Reconstructeduminance(left) and chrominancey (right), measued from a camern
image, for theemineoptidunctionat input (1; 1; 0) of a four projectortiled display

In this sectionwe presenta brief veri cation of the emineopticfunction. We usetwo methods
to verify themodel.

First, we projecti atall displaycoordinatesandmeasue the luminanceusinga camera.Next
we computethe luminancefor the sameinput i using Equation5.10 from the estimatedprojector
parameterdy, Q;, andB. We nd this to be closeto the measuredesponse.Quantitatvely, the
measuredesponseleviatedfrom thecomputedesponsdy 2 3%.

The chrominancecannot be veried in a similar way becausethe cameraand the
spectroradiometdnave different3D color spaces.So, insteadof verifying the absolutevalue of the
chrominanceye verify a propertyof the chrominanceesponse[Majumder02aMajumder02bkshav
thatg is closeto identicalfor samemodelof projector Our displayis madeof projectorsof same
brandandmodel.So,thechrominanceespons®f thetiled displayreconstructedkom Equation5.10

shouldnot vary spatially To verify this, we projectinputi at all display coordinatesand measue
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the chrominancausinga camera.We found both the chromaticitycoordinatesdo be at asexpected

(Figure5.3).

Figure5.4: A2 2 array of four projectors. Left Column: PredictedResponseRight Column: Real
Response

The secondway to validate our modelis to usethe following experiment. First, we usea
physical sensor(a camera)to capturethe image of the physical display The imageis converted
from the cameracoordinatespaceo thedisplaycoordinatespaceusingthe geometriccorrespondence
informationgeneratedy the geometriccalibrationmethod. The imagethusgenerateds calledthe

actualresponse
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Next, we reconstructhe modelparameter$or thetiled display Thenwe usetheseparameters
andthe emineopticfunctionto predictthe responsef a hypotheticalsensomwhenatestimageis put
up on this display This is calledthe predictedresponse This hypotheticalsensoris alsomodeled
usingthe emineoptidunction.

Figure5.4 shavs the predictedandtherealresponsdor a setof testimages.The hypothetical
sensolbeinganideal device, is assumedo have spatiallyinvariantchanneluminance chrominance
andthe transferfunctionsand no black offset. However, it is often dif cult, if notimpossible,to
simulatethe parametersf the hypotheticalsensorespeciallythe chrominanceto be exactly similar
to the physical cameraused. Thus,the actualandthe predictedresponsanay not be identical. The
thing to note hereis the similarity in response.For example,the bottomright projectorhasa more
severeradialfall off thanthe othersandis similar for boththe actualandpredictedresponseQr, the

bottomright projectorhasalower brightnesgshanthe othersthatis predictedrom themodelcorrectly
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CHAPTERG

A Framework for Achieving Color Seamlessness

In this chapter we designa comprehensie frameavork for achieving color seamlessnesdde ne
color seamlessnegermally. Finally, we shav thatthis framework is unifying andcanexplain all the

existing methoddirectedtowardsachievzing color seamlessness.

6.1 The Framework

Theframework to achieve ary color correctionfor multi-projectordisplaysconsistof threesteps.

1. Reconstructionof the Emineoptic Function: To correctfor thecolorvariation,we needo rst
capturethe color variationacrossthe multi projectordisplay This calls for the reconstruction
of the emineopticfunction for the particulardisplayat hand. Thus,in this step,somesensors
areusedto reconstruck (u; v; i; €) of thedisplay Theaccurag andspeef thereconstruction

depend®nthesensordeingused.

2. Modi cation of the Emineoptic Function: Now, thereconstructe@mineoptidunctionE has
color seamsHence to achiere adisplaythathasno seamsthis E needso be modi ed to E 0
thedesiedemineoptidunction Themodi cation is basedn somegoalsthatwould controlthe

quality of the seamlessnesghiezed. This stepis thuscalledmodi cation.

3. Reprojection of the Desired Emineoptic Function: Finally, we needto realizethe desired
emineopticfunction, E® on the display This is called repmwjection This is achiered by
manipulatingone or more parameterof the emineopticfunction, on the choice of which

dependsheinteractivity andthe performancef the correction.



6.2 Color Seamlessness

Several methodsstrive to correctfor the color variation,but thereis no formal de nition of the goal
that shouldbe achiezed in suchcorrections.In this section,we de ne a new and practicalgoal for

color seamlessness.

Absolute Uniformity: An olviousgoalof color seamlessness to achiere absoluteuniformity. The
desireddisplay E ° is absolutelyuniform if the color reachingthe viewer e from any two display

coordinategus; v1) and(uz;v2), areequal.
8i; EQuy;va:i; € = EQuy;vosi: €) (6.1)

The goal of absoluteuniformity requiresthe display quality to matchthe worst pixel on the
display This leadsto compressionn contrast,also called dynamicrange,and hencepoor display

quality, asillustratedin Figurel1.7.

Figure 6.1: Left: A at greenimage displayedon a single-ppjectordisplay Right: Theluminance
responsdor theleftimage. Notethatit is notactually at.

Perceptual Uniformity: The ideabehindcolor seamlessneds to make a multi-projectordisplay
behae like asingleprojector First, let usanalyzethe behaior of asingleprojector Figure6.1shavs
a at greenimageprojectedoy a projectorandits luminancevariation. Thenon- at luminancesurface
shaws that a typical single-projectodisplayis not photometricallyuniform. But humansperceve
themasuniform. So,we believe thatit is sufcient for amulti-projectordisplayto createa perception

of beinguniform.
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Formally, thedesireddisplayis perceptuallyuniformif thecolorreachingheviewere from ary
two displaycoordinategus; vi) and(uy; vo) differ within a certainvisibly imperceptiblethreshold.
Thatis,

8i; EQua;vii;e) EQuy;vosice) ; (6.2)
where is afunctionthatdepend®n parametertik e distancebetweerdisplaycoordinatesgistance
of viewer, angleof the viewing directionwith respecto the displaywall at the displaycoordinates,
humanperceptioncapabilitiesand even the taskto be accomplishedy the user Note that absolute
color uniformity is a specialcaseof perceptuatiniformity where = 0;8(u1;Vv1); (U2; Vo).

Display Quality: High dynamicrange,brightness,and wide color gamutsare essentialfor good
image quality [Deberec97,Larson01. Similarly, high lumensrating (high brightness)Jow black
offsets(high contrast) andsaturateatolors(wide color gamut)areessentiafor gooddisplayquality.

However, notethat the criterion of perceptualiniformity alonewhich generateshe desireddisplay
E OsatisfyingEquation6.2 may not ensurea gooddisplayquality. For example,absolutephotometric
uniformity, whichimplies perceptuaphotometricuniformity, doesnot ensuregooddisplayquality.

Anotherimportantpoint to noteis thatthe projectorvendorsusually designprojectorswhich
have the necessargapacityto achieve high displayquality whenusedindividually. Thus,thedisplay
with color variationswhich is formedby theseprojectorsdenotedby E exhibit high display quality
in mostplaces.Thus,if we imposeanadditionalconstrainthatE °differs minimally from E , we can
assurdghatthesehigh displayqualitiesareretainedasmuchaspossible.This canbe expressedy the

minimizing the sumof thedistancedetweerE andE %atevery (u;v). Thus,
X
8i; minimiz e iE(u;v;i; )  EYu;v;i; o) (6.3)

Color SeamlessnessHence,color seamlessneds an optimization problemwherethe goal is to
generatean E° that has maximal imperceptiblecolor variation and minimum distancefrom the
reconstructed. In otherwords, the problemof achiesing color seamlessneds an optimization

problemwherethe goalis to achieve perceptualuniformitywhile maximizingthe displayquality.

6.3 Unifying Previous Work

In this sectionwe explain all the existing methodsusingthe framework proposedramework. This
helpsusto compareand contrastdifferentexisting methodswithin the framewvork of the emineoptic

function.
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6.3.1 Manual Manipulation of Projector Controls

The most common method usedto achiere color correctionin tiled displays made of akutting
projectors,is to changethe control settingsof contrast,brightnesswhite balancemanually Figure
1.6shovsanexample.

Reconstruction: In this method the sensomusedto reconstructhe emineopticfunctionis the human
eye or acamera.

Modi cation: Thegoalhereis to achiese perceptualiniformity in aninformal sense.

Reprojection: The reprojectionis done by manipulatingthe projector controls which means
modifying the projectorparameter®f channeltransferfunction, h;, and the maximumof channel
luminancefunction,Qy, givenby M| = maxgs) Qi.

Shortcomings: Manipulationof controlscannotnullify the effect of the spatiallyvarying luminance
function,Q), andretainstheseamscrosshe projectorboundariegsshavn in Figurel.6. Also, being

manual,it is notscalable.

6.3.2 GamutMatching

[StonelaStonelbMajumderOQjtry to matchthecolor spaceor luminanceacrosdifferentprojectors
by lineartransformation®f color spacesandluminanceresponses.

Reconstruction: The emineopticfunctionis sampledat very few displaycoordinategu; v), usually
atthe centerof eachprojector A radiometelis usedto estimatethe channelchrominanceg;, andthe
channekransferfunction, h;.

Modi cation: Thegoalis to achieze photometricuniformity by makingthe maximumof thechannel
luminancefunctions,M |, andthe channekchrominanceg;, identicalfor all projectors.

Reprojection: For reprojectiontheinput parameter is manipulatedy lineartransforms.
Shortcomings: Dueto sparsityof samplingthis methodalsocannotreconstructhe spatiallyvarying
luminancefunction, Q,, and hencecannotachieze photometricuniformity. Further we have not
seenrobustmethodghatcan nd the commoncolor spaceof differentprojectorswhich would make

[Bern03,StonelaStonelblkcalable.

6.3.3 Usingthe samelampfor all projectors

SomemethoddPailthorpe01Jusea commonlampfor all projectors.

Reconstruction: Herethereis no reconstructiorstep.
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Modi cation: Thegoalis to equalizethe maximumof the channeluminancefunctions,M |, andthe
channekhrominanceg;, for all projectors.

Reprojection: Thereprojectionis doneby changingthe parameteM | directly by usinga common
lamp.

Shortcomings: This solutionalsodoesnot addressQ, or h; andaddressesnly the color variation
contritutedby theprojectorlamp. However, asmentionedn the previouschaptersthisis notthe sole
causeof the color variationproblem.Also, theuseof acommonlampis not scalableandcanbeused
for systemsaving notmorethannineprojector Beyondthis, the power of thecommonlamprequired
to producea sufciently brightdisplaybecomegrohibitive 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

Blending or featheringtechniquesattemptto blendthe higher brightnessn the overlap regions by

weighing the contribution from eachprojectorin the overlapregion by a function. Whendonein

software[Raskar98] this function canbe carefully designedunctionto be a linear or cosineramp.
It canalsobe doneoptically using physical masks[Li00] or by modifying the analogsignalsto the
projectordChen0]. Figurel.6 shavs someresults.

Reconstruction: Herethereis no reconstructiorprocess.

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 achieze somekind of

perceptualniformity if thetiled displayis madeof identicalprojectorswith linearh,. Evenif some
estimateof h| is usedin somemethodgYang01],it isimpossibleto getidenticalprojectorgo produce
aentirelyseamlesslisplay

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

changingthe inputi isto i® = j(uv;si;ty) i where is afunctionof the relative positionsof
=]
projectoranddisplaycoordinatesuchthat jr‘:l i = 1.0and0:0 i 10. So,E isgivenby
E(uvii) = jone Ti(siits §  0): (6.4)
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Reprojection in Other Types of Blending: In blending achievzed both optically [Li0O0] or by
manipulatingthe analogsignal[Chen01],the reprojectionis doneby changingthe function T; itself
at(u;v) givenby

E(uivii) = jane | Ti(siit5i): (6.5)
Ideally, ; 1.0 and” =1 i = L0
Shortcomings: First, blendingonly addressethe overlapanddoesnotaddres®,. Further software
blendingoften assumes linear h; which is not truein practice. Hencewe seebandsin the overlap
regionsas shown in Figure 1.6. In optical blending,the color transitionbroughtinto effect by the
physical metal masksis often not a controlledsmoothtransitionand doesnot assurethe condition

P
jn:1 i = 1.0.

6.3.5 LuminanceMatching

[Majumder02a] triesto matchthe luminanceresponset every display coordinate.This is different
thanabsoluteuniformity sincethis doesnot addresshrominancedout only luminance.So,we call this
achiezing photometrigluminance)uniformity insteadof absolutecolor uniformity.

Reconstruction: Thisis probablythe only existing methodthatmakesaneffort to reconstruct in a
rigorousmannerusingadigital camera.

Modi cation: The goalis formally de ned asoneof achiezing photometricuniformity. Underthe
assumptiorthatc; is constanfor all projectorsthe methodmakeslum(E) in Equation5.8identical
atevery (u; v).

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

Shortcomings: Theresultsshavn in Figure 1.7 suffersfrom thetypical shortcoming®f photometric
uniformity (only in luminance)yielding low dynamicrangeimagesas mentionedin Section6.2.

Furtherthesamplingof E in (u; v) is limited by thecameraesolutionmakingthis methodunscalable.
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CHAPTERY7

An Algorithm to Achieve Photometric Seamlessness

In this chapterwe describean algorithmto generateperceptuallyseamlessigh quality displays. In
thisalgorithmwe addres®nly the luminancevariationacrosanulti-projectordisplay This still yields

goodresultsdueto two reasons.

1. Mostdisplaysaremadeof projectorsof the samemodel. As shavn in Chapted, theluminance

variationin thesedisplaysis muchmoresigni cant thanchrominancevariationwhichis almost

negligible.

2. Humansare at leastan order of magnitudemore sensitve to variationin luminancethanin

chrominancgGoldstein01 Valois90].

Ourmethodis automaticandscalableandaddressethe luminancevariationwithin asingleprojector
acrosdifferentprojectorsandin the overlappingregionsin a uni ed manner Further the correction
to achieve seamlessness implementedn realtime usingcommoditygraphicshardware. Sincewe
addres®nly luminancevariation,we saythatour algorithmachiezesphotometricseamlessness.
Our algorithmfollows threesteps.First, it reconstructgshe emineopticfunction ef ciently. It
usesa photometeranda digital cameraas sensoifor this purpose.Then,it modi es the emineoptic
function using a constrainedgradient-basetlminancesmoothingalgorithm. Finally, we reproject
the modi ed function by changingonly the inputi at every display coordinate(u; v). Further the
reprojectioncanbe achiezedin realtime by usingcommoditygraphicshardware. In this chapterwe
presenthetheorybehindthereconstructionmodi cation andreprojectiorandshav how thesecanbe
directly derived from the emineopticfunction. The practicalimplementatiorusing differentsensors

aredescribedn detailsin Chapter8.



7.1 Reconstruction

Firstwe presentinoverview of thetheoryof reconstructiomndthenwe describehe processn details.

7.1.1 ReconstructionOwverview

Thebrief overview of thereconstructiomprocesslescribeshe samplingphilosoply, sensorsaccurayg

of reconstructionandthe geometriowarpwe usefor reconstruction.

Geometric Calibration

To reconstructthe emineopticfunction, we requirea geometricwarp G that relatesthe projector
coordinategs;t) with thedisplaycoordinategu; v) (Referto Chapters). Mostgeometriccalibration
methodsuseacameraasthesensorandde ne therelationshipbetweertheprojectorcoordinategs; t)

andthedisplaycoordinategu; v) throughthe cameracoordinateswhich we denoteby (x; y). We use
onesuchmethod[Hereld03 for our purpose Notethatary imagetakenby the camerao reconstruct
the emineopticfunction needsto be taken from the samepositionand orientationasthe geometric
calibration. We refer the readerto [Majumder02a]for a detailedtreatiseon using suchgeometric

warpsto extractthe luminanceandchrominanceesponsdérom cameramages.

Sampling the Emineoptic Function

The emineopticfunction E (u; v;i) de nes the light reachingthe viewer from display coordinates
(u; v) for inputi. To samplethe emineoptidunctiondenselyin the spatialdomain(u; v), onecanuse
ahigh-resolutiordigital camera.To sampléat denselyin theinputdomain,assuminghateachi| takes
28 discreetvalues,oneneedsto useO(22%) images. This indicatesanimpracticallylarge amountof
data.

To reducethis datarequirementwe usethe propertiesof modelparametersFor example,in
Equation5.7,sinceh;(i;) doesnot dependon the spatialcoordinatesye needto sampleit atary one
projectorcoordinate.Q;(s;t) andB (s;t) needto be sampleddenselyonly in the spatialdomainand
notin the input domain. Further with the black offsetremaoved, the responsef eachchannelof the
projectoris independentf eachother Thus,we needjust four (onefor eachchannelandonefor the
black), high resolutioncameramagesper projector in additionto O(28) singlevaluedmeasurements

to estimateh, (i)).
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In essencewe usea small setof measurementsf the emineopticfunction to estimateall the
model parameters.Then, we usetheseestimatedparametergo computethe completeemineoptic
function. In additionto alleviating the datastorageproblem,estimatingmodelparameteralsohelps
in easymodi cation of theemineoptidunctionby modifying themodelparameterappropriatelyand

independentlyo achiare thedesiredohotometricseamlessness.

Sensorsand Accuracy

For accurag and speedwe usea photometerand a cameratogether The challengein measuring
h, with a camerais to designan automaticmethodthat can changethe dynamic range of the
cameraappropriatelyto captureimagesof varying brightness.Sinceh; changevery little temporally
[Majumder02B, we usea slower photometel 20 secondgermeasurementp estimaten; more
accuratelyat infrequenttime intervals (usuallyoncein 9 12 months).Onthe otherhand,Q, andB

dependnspatialcoordinateslemandingyeometricallyaccuraténigh-resolutiormeasurementsince
Q) andB areluminancemeasurements device dependen8D color spacdik e thatof a cameradoes
not posea limitation. Finally, sincetheseparametershangesvenwith a smallchangen the position
andorientationof the projectorsthey needfrequentandfastestimation.Hencea cameras a suitable
device to reconstructheseluminanceparametersTheissueof cameraresolutionwith respecto the

displayresolutionis addresseth Chapter8.

7.1.2 ReconstructionProcess

Now, we describehereconstructiomprocessn detail. Firstwe estimatehemodelparameterfor each

projectorindividually andthenreconstructhe emineoptidunctionfor thewholedisplay

Estimating Model Parametersfor a Single Projector

We describethe procesgo estimateh, (i), Q; (s;t) for channek, andB (s;t), for asingleprojector

(Equationss.6and5.7). The parameterfor channelg) andb areestimatedanalogously

Transfer Function (h;): By de nition, hi(i,) is the ratio of the luminanceprojectedfor i, to the
maximumluminanceprojectedirom channel, whenbladk offsetis zeo. But dueto the presencef
the black offset, we needto subtractthe black offsetfrom every measuremertf luminanceandthen

computeh(iy). 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, h|(i;) doesnot dependon (s;t), we drop theseparameterdor simplicity. For the
samereasonwe canusea photometetto take the luminancemeasurementsom a single projector
coordinateLet theinputbe(i,; 0; 0). FromEquation5.7,the photometemeasuresum(T (i, ; 0; 0)).
Thus,from Equationss.7and5.6,

lum(T(ir;0;0)) = he(ir)Qr + hg(0)Qq + hyp(0)Qp + B: (7.1)

Let lum(T(ir;0;0)) be minimumati, = ry andmaximumati, = ry asshovn in Figure7.1
(In general,for a channell, thesetwo inputsarede ned asl,, andly ). Unlike the caseof ideal
devices, for projectors,often lum(T (i, ; 0; 0)) is non-monotonicj.e. r, 6 0andry 6 1. But,
by de nition, h;(rm) = O0Oandh,(ry) = 1. So,to nd h, from lum(T(i,;0;0)), we need
to normalizeit in the input range between0:0 and 1:0. This is derived from Equation7.1 as,
lum(T(rm;0;0)) hg(0)Qg + hy(0)Qp + B
lum(T (rw ;0;0)) Qr(s;t) + hg(0)Qqg + hp(0)Qp + B

= Qr(s;t) + lum(T (rm;0;0))
Thus,h, canthenbefoundfrom Equation7.1as

ho(iy= UM (ir;0,0)) 1um(T(rm;0;0))
r(ir) = lum(T(ryw;0;0)) lum(T(rm;0;0)

(7.2)

We measurendcomputeh, for O(28) inputvaluesto samplethewholeinput space.
Luminance Functions (Q;; B): We usea digital camerato reconstrucQ; (s;t) andB(s;t). Note
that, sinceh(i,) is the samefor every coordinate(s;t), the maximumand minimum luminancefor

eachchannell are projectedfor the sameinputs, I, andly respectiely, whereh(I,) = 0 and
hi(lm) = 1.
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Figure 7.2: Left: The maximumluminancefunction for greenchanneland the black luminance
functionfor a single projector This gur e givesan idea abouttheir relative scales. Left: Zoomed
in view of the black luminancesurface

Letim = (rm;9m;bm). Forinputiy, atall the displaycoordinatesthe measureduminance
of thedisplaylum(T (s;t; im)) is theblackoffsetB (s;t). This canbederivedfrom Equation5.7 by
substitutingh,(Im) = 0,

lum(T(s;t;im)) = B(s;t): (7.3)

Let usnow computeQ; (s;t). Letiy = (rm; 9m; bym). Themeasureduminanceprojectedat

all the projectorcoordinategor inputiy is dervedfrom Equation5.7 as,
lum(T(s;t;im)) = Wi(s;t) = Qr(s;t) + B(s;t): (7.4)

Intuitively, W, givesthe maximumluminanceresponsdor a channel (W for “white”). Sowe call

W, (s;t) themaximumuminancefunctionfor channek . From Equation7.4,
Qi (s;t) = Wi (s;t)  B(s;t): (7.5)

Thusestimatingh,, ¢, Q; andB for every projector we canreconstruct (s;t; i) from Equation
5.7.

Reconstructing Emineoptic Function of the Display

Oncewe computeT; (s;;tj;i) for eachprojectorP;, we thenreconstrucE (u; v;i) using Equation

5.10.E thusgeneratedor aninputi = (1;1;0) is shavnin Figure5.3.
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7.2 Modi cation

The next stepis to modify the reconstructed to a desired E ° that achiezes color seamlessnessn
this sectionwe nd suchanEC Sincemostdisplaywalls aremadeup of samemodelprojectorswe
assumehat ¢ is identicalfor all projectorsiMajumder02f, 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

achiese photometricseamlessness.

7.2.1 Choosinga CommonDisplay Transfer Function

Thetransferfunctionh (i) of adisplaywith high contrastandintensityresolutionshouldsatisfythe
following threeconditions:h;(0) = 0, h;(1) = 1 andh(i;) is monotonic.For mostprojectorsh (i)
may not satisfytheseproperties For example,l, 6 0andly 6 1. So,we chooseacommordisplay
transferfunctionfor eachchannebf all projectorsdenotecby h,othatsatis estheabove properties.

With thecommondisplaytransferfunctionhf (samefor all projectors) Equation5.10becomes

0 1
X X X
lum(E (u; v;i)) = @ndi) QA + Bj: (7.6)
12f r;g;hg j2Np j2Np
FromEquation7.5,
0 1
X X X
lum(E (u;v;i)) = @nYi) w, B A+ B; (7.7)
12f r;g;bg i2Np i2Np

whereW,, andB; areluminancefunctionsof projectorP; .

7.2.2 Modifying Display Luminance Functions

P

In Equation?7.7,letW, = i2np Wi be calledthe maximundisplayluminancefunctionfor channel
P

llandB = ,\, Bj becalledthe black display luminancefunction While W, andB arethe

luminanceunctionsfor asingleprojector W, andB aretheluminancefunctionsfor thewholedisplay

ThusEquation7.7 becomes,
0 1

X
lum(E (u;v;i)) = @ hi)) (Wi(u;v)  B(u;v))A + B(u; V) (7.8)
12f r;g;bg

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

a single projectorwhosetransferfunctionis h|°andtheIuminancefunctionsareW| andB. Thus,by
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Figure 7.3: Left: The maximumluminancefunction for greenchanneland the black luminance
functionfor a displaymadeof 5 3 array of fteen projectors. This gure givesan idea about
their relativescales.Right: A zoomedn view of the bladk luminancesurfacefor thewholedisplay.

Figure 7.4: Reconstructedisplayluminancefunctionof greenchannelfora2 2 array of projectors
(leftyand 3 5 array of projectors (right). The high luminanceregions correspondto the overlap
regionsacrossdifferentprojectors.
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matchingthe input transferfunctions,we have madethe multi-projectordisplayidenticalto a single
projectordisplay Figure7.3 showvs theluminancefunctionsfor thewholedisplay Comparethis with
Figure7.2whichillustratesthe singleprojectorcase.But notethat, unlike a single projectordisplay
W, andB of the multi-projectordisplayhave sharpdiscontinuitiesvhich resultin percevableedges.

As anadditionalillustration, Figure7.4 shavs W for afour and fteen projectordisplay

Figure 7.5: Left: Reconstructedlisplay luminancefunctionof greenchannelfor a3 5 array of
projectors Right: Smoothdisplay functionfor greenchannelachieved by applying the smoothing
algorithmonthedisplayluminancefunctionin theleft gure.

So,we modify W, (u; v) andB(u; v) by smoothingthemto W Xu; v) andBYu; v) respectiely
to remove the perceptiblediscontinuities At thesameiime, themodi cation is designedn suchaway
thatWXu; v) andBYu; v) areascloseto W, (u;v) andB(u;v) aspossibleto maintainthe original
high dynamicrange.We call the methodto achieve this smoothingasthe constainedgradient-based
smoothingandis explainedin detailin the following section. The W {u; v) thusgenerateds called
the smoothmaximundisplayluminancefunctionfor channel andBYu; v) is calledthe smoothblack
display luminancefunction Figure 7.5 showvs Wg(u;v) for a fteen-projectordisplay Figure7.9
shavs thesmoothingwith differentsmoothingparameters.

Theluminanceof themodi ed desiledemineoptidunctionE Qu; v; i) thusgenerateds
0 1

X
lum(Equ;v;i)) = @ hXi) WHu;v) BYu;v) A + BYu;v) (7.9)
12f r;g;bg

Wheneachof W{u; v) andBYu; v) is smoothJum(E {u; v; i)) is alsosmoothandsatis eslnequality

6.2to achieve photometricseamlessness.
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7.2.3 ConstrainedGradientBasedSmoothing

In this sectionwe presenthe constrainedyradientbasedsmoothingalgorithmthatis usedto modify
Wi (u; v) to WXu; v). Sincethevariationin B(u; v) is almostnegligible whencomparedo the scale
of W, (u;v), we approximateBYu;v) by BYu;v) = maxg,y B(u;V) sincethis is the minimum

luminancethatcanbeachievedat all displaycoordinates.

40,0
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X
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— LUMINANCE

0.0 —— PIXELS 0.0 —PIXELS 0.0 ——PIXELS

W { R

Figure 7.6: Theproblem: Theleft gure showsthe reconstructeanaximumuminancefunction,the
middle gur e showsheimageto bedisplayedandtheright gur e showsheimage seerbytheviewer
Notethat this image is distortedby the luminancevariation of the display
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Figure 7.7: Photometricuniformity: Theleft gure showsthe modi ed luminancefunction,andthe

right showsthe image seenby the viewer Notethat the image seenby the viewer thoughsimilar to
image to bedisplayedjt hassigni cant reductionin dynamicrange.

.0 PIXELS 0.0 —=PIXELS

The Problem

For simplicity of explanation,we assumeB(u; v) to be zeroin this section. Let animagel(u;v),

whosevalueat every displaycoordinatg(u; v) is i be projectedon thedisplaywall. As perEquation
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Figure 7.8: Optimizationproblem: Thedisplayluminanceresponsés modi ed to achieve perceptual
uniformitywith minimallossin displayquality.

7.8,theresultingimageR, (u; v) is givenby multiplicationof W, (u; v) andl | (u; v), asshavnin Figure
7.6 (For illustration purposesye usea onedimensionaW, andl ). Notethattheimageprojectedby
thedisplayl,(u; v) andtheresultobseredby the viewer R|(u; v) aredifferentandthe differenceis
dictatedby thevariationin W, (u; v).

To make R|(u;v) similar to 1(u;v), we can modify W,(u;Vv) to be a constantfunction,
Wlo(u;v), as shavn in Figure 7.7. This, by de nition, is a photometrically uniform display
[Majumder02a],but leadsto poor utilization of display capabilities and signi cant reductionin

dynamicrange.

Optimization Problem

To avoid this, as mentionedin Section6.2, we posethe problemof achieving seamlessnesss an
optimizationproblemwherewe aim to nd a W{u;v) that minimizesthe discontinuitiesto assure
perceptualuniformity while maximizingthe utilization of display capabilitiesto assurehigh display
quality, asshavn in Figure 7.8. Perceptionstudieshave found that humansare most sensitve to
signi cant luminancediscontinuitiesand insensitve to smoothchangegChorley81, Goldstein01,
Valois88,Lloyd02]. Whenl, is displayedon sucha Wlo(u;v), the differencebetweenR, (u; v) and
I (u; v), thoughmeasurablyresentjs imperceptiblego a humanobsenrer.
Formally, W{u; v) is de ned by thefollowing optimizationconstraints.

Capability Constaint: This constraintensureghat W ° never goesbeyond the display capability of
W,.

WP Wi (7.10)
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Perceptual Uniformity Constaint: This constraint assuresthat WIO has a smooth variation
imperceptibleo humans.

0
% 1 w2 (7.11)

where is thesmoothingparameterand%Io is the gradientof Wloalongary directionx. Compare
Inequality7.11with Inequality6.2. Our empiricalresultsshav thatthe luminanceresponsesf most
singleprojectordisplayssatisfylnequality7.11.

Display Quality OptimizationFunction: The above two constraintscanyield mary feasiblew . To
assureminimum lossin display quality we choosetheW,Othat is the closestto W, i.e. therothat

minimizesV, W/

Figure 7.9: This showsthe smoothluminancesurfacefor different smoothingparametes. Left:
Reconstructedisplay luminancefunction of greenchannelfor a2 2 array of projectors Middle:
Smoothdisplay function for green channelachieved by applying the smoothingalgorithm on the
display luminancefunctionwith = 400 Right: Smoothingapplied with a higher smoothing
parameterof = 800to geneiatea smoothemisplaysurface

Linear Programming Formulation

We shaw that the above optimizationconstraintsand objective canbe expressedaslinear functions.
Thereforejt canbe solved optimally usinglinear programmingin lineartime.

Equations7.10 and 7.11 assumeboth W, (u; v) and WYu; V) to be continuousfunctions.
In practice, the sampleddiscreteversion of thesefunctions are denotedby w[u][v] and wqu][v]
respectiely. The constraintsand the objective functionscan be describedon w[u][v] and wJu][v]
asfollows.

Capability Constaint: This canbeexpresseds

wqu][v] < w[u][v], 8u; Vv:
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Perceptual Uniformity Constaint: For eachof the eight neighbors(u® v9 of a pixel (u;v), where
w2 fu Luu+ 1g andv®2 fv Lv;v+ 1g, the gradientwhenexpressedisinga linear lter

produceghelinearconstraint

W] WO 1 _ o
M0 u9zejv Vo2 wAu][vl; 8u: v: u® vo

Display Quality OptimizationFunction: If L,, H,, is thesizeof thedisplay the objectie function

becomes

P, P
maximize [ o¥ wqu][v].

Alter native Optimal Algorithm

We have developedaniterative algorithmthatachieresthe sameresult.

Initialize

0. minval = min g (d[il[j ]);

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

2. knot_points = f(i; )jdqil[ ] = d[ilfjIg;

3. freepoints = f(i; j)j(i; j) 62&not_pointsg;
4. absolte_static = ;

5

forall (i; j); dist[ilji]1= d[ili] d9i][j];endfor;

Repeat
6. mindist = min 8(i;j )2f ree_points dist[i][j ]

7. minal lowance= MAXINT ;

8. forall (i;j) 2 knot_points
9. neighbor = f(k;Djk 2 fi  1;i;i+ 1g;12fj 1;j;] + 199
10.  forall (e;f) 2 neighbor

11. if (e;f) 2 f reepoints then

12. defta= (1+w) dJi][j] dYel[f]

13. endif

14. minal lowance= min (delta; minal lowance)
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15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.

27.
28.
29.
30.
31.
31.
32.
33.
34.
35.
36.

37

38

29.
40.
41.
42.

endfor
endfor

forall (i; j) 2 f reepoints,

if dist[i][j] = Othen

f reepoints = f reepoints

endif

forall (i; j) 2 knot_points

neighbor = f(k;jk 2 fi  1;i;i + 1g;l 2 f}
forall (e;f) 2 neighbor
if (e;f) 2 f reepoints then
delta= (1+ w) dYi][j]
endif
if delta = Othen
knot_points = knot_points [ (e;f);
f reepoints = f reepoints
endif
endfor
. endfor
. forall (i; j) 2 knot_points

knot_points = knot_points

knot_points = knot_points [ (i; );

(i;§);

dJi][i]1 = d9i][j]+ distance_to_bemoved;
dist[i][j]1 = dist[i][j] distance_to_bemoved
endfor
forall (i; j) 2 f reepoints,

dYellf ]

(e;f);

(WDE

neighbor = f(k;Njk 2 fi ~ 1;i;i + 1g;1 2 f]

absolte_static = absolte _static [ (i;]);
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distance_to_be moved = min (minal lowance;mindist );

1j;) + 1g9

1j5) + 199

if neighbor  (knot_points [ absoltelystatic) then



43. endfor

44, Until knot_points = f ree points =

At ary iteration, the pointsin d° canbe free, knot or absolutelystatic. Initially all the points
arefree. At the rst step,all the pointsof d°thattouchesd aresetasknot points. Every time a point
in d°reachedd or cannotgo up ary further basedon the gradientconstraint,it becomesa knot and
cannotmove ary furtherup. If all the eightneighborsof a knot arealsoknots,thenthe knotis made
anabsolutelystaticpoint afterwhich no computatioris alsoappliedto it.

In eachiteration,we move up thefree pointsby a x edamount.This valueis decidedn sucha
way thatd®doesnotviolateany of theconstraintsThenwe nd which freepointswhichhave become
knots andthe knotswhich have becomeabsolutelystatic and proceedwith our next iteration. The
algorithmendswhenall the pointshave becomeabsolutelystatic.

LinesO 5 initializes d® andthe setsknotpoints, f reepoints andabsoltely _static. The
datastructuredist recordsthedistanceof d°from thecorrespondingointin d. Lines6 43 describes
eachiteration. In line 6 we nd the minimumdistanceof ary free pointin d°from its corresponding
pointin d designatedy mindist . This satis esthe capability constraint. In lines8 15we nd
the minimum distancea free point in d® canbe lifted up while maintainingthe gradientconstrained
designatedby minal lowance. In line 17 21 we pushall thefree pointsin d®up by theminimumof
mindist andminal lowance. Inline22 26we nd thenew knotsbasednthecapabilityconstraint.
Inlines27 37we nd thenew knotsbasedon the gradientconstraint.In lines38 43 we nd the
knotswhich becomesbsolutelystatic. Thenwe repeatheiterationsuntil all the pointsareabsolutely

static.

7.3 Reprojection

Thegoalof reprojectionis to achieve the modi ed emineoptidunctionE u; v;i) givenby Equation
7.9. We have modi ed W, and B and also the transferfunction h, for eachprojector However,

theseparametergannotbe changedwith the precisionrequiredto achieze the modi ed emineoptic
function. Hence we do not modify the modelparameterandachieve the desiredresponsaccurately

by changingonly theinputi, atevery projectorcoordinate.
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7.3.1 RetainingActual Luminance Functions

To achieve thedesiredresponsén Equation7.9we modify theinputi, (u; v) in Equation7.8toiu; v)
suchthat 0 1 0 1
X X
@ hi9w, BA+B=@ hi;) w? B°A + B (7.12)
12f r;g;bg 12f r;g;bg

Thei®thatsatis esthe above equationis
hiifu; v)) = hiii(u; V) Si(u; v) + Oy (u; v); (7.13)

where
WJu;v) BYu;v) BYu;v) B(u;Vv)
Wi(u;v)  B(u;v)’ 3(W,(u;v)  B(u;v))

Thescalingmap$S;, andtheoffsetmapO, arecalledthe displaysmoothingnapsfor channel.

Si(u;v) =

Oi(u;v) =

(7.14)

Fromthesedisplaysmoothingnmaps,we generatehe projectorsmoothingnaps S, (s;j ; tj ) and

Oj; (sj; tj) for channel of projectorP; as,
Slj (si:t)) = SI(Gj (sj;t))); O|j (si;tj) = OI(Gj(si; 1))

where(u; V) = Gj(sj;tj) (Referto Section5). Notethatit canbe provedthatthe abose computation
of S, andOj; is correct,andwe shouldnot computethem basedon the luminancecontritution of
individual projectors.

Using theseprojector smoothingmaps, the modi ed input i|O of projectorP; at coordinate

(sj;t;) hasto becomputedsuchthat
hisit)) = hi(si;t)S, (siit) + Oy, (si5t)) (7.15)
7.3.2 RetainingActual Transfer Function
Thegoalof thissectionisto nd theinputi(s;;t;) thatwould make
hy (i(sj:4)) = hAiXsiit)): (7.16)

For that, let us rst assumea hypotheticalfunction A, thattransformsthe projectorchannelinput

transferfunctionhy; of projectorP; to thecommondisplaytransferfunction hP.

hXid = hy, (A, (D) (7.17)
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Thus,comparingequation7.16and7.17,we nd,
i(s:t) = Ay (i) (7.18)

So,thegoalof thissectionisto nd Ay, .

Towardsthatend,| introducethe function
Hy, = A, hp ' (7.19)
Notethatthe compositionof h, (Hj, ) is anidentity function.
Hy, = hljl (7.20)

Thus,in effect, theH), is inverseof the projectorchannelinput transferfunction andcanbe directly
computedrom hy; for every projector We call H; , the projector channellinearizationfunctionfor
channel of projectorP; . Thisis illustratedin Figure7.1.

The next thing to noteis thatthe compositionof the projectorchannellinearizationfunction,
H); , andthe commondisplay transferfunction, hlo, gives us the hypotheticalfunction A;; for each
projector

A, = H; hp (7.21)

Thus,from Equation7.18and7.21,we now nd
i1(sp5) = Hy, (hWi(sy3 1)) S, (55) + O, (5534))) (7.22)

Intuitively, Equation7.22canbeexplainedasfollows. Smoothingmapsassuménputsdesigned
for lineardevices. The function h|° convertsaninput generatedor a non-lineardevice to aninput for
alineardevice. Finally, they needto be corvertedbackto inputssuitablefor the non-linearprojectors.
Theprojectorspeci ¢ H; achievesthis conversion.

Thus, all the modi cations we malke to achieve a seamles€ Y is broughtinto effect by only

changingtheinputi|(s;;t;) to be projectedoy eachchannel of eachprojectorP; atits coordinates

(sj:t)).

7.4 Chrominance

The algorithm just presentedsolves the restrictedproblem of achiezing 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-eistent.So,in future,we needto addresshe chrominancevariationproblem we needto
reconstructhechrominancdunctions.So,herewebrie y explainhow to reconstructhechrominance
functions.
Reconstructing Channel Chrominance(c): Similarly, measuringhe chrominanceof ary inputir
shouldideally give ¢,. But, dueto the black offset, this is not true. We measurehe chrominance
chr(T(s;t; (rm; 0;0))). FromEquation5.7 andfrom thede nition of , we know that
G Qi (s;t) + cgB(s;t).

Qr(sit) + B(s;t)

We cancomputec; from this equationbecausell otherparameterareknown.

chr(T(s;t; (rm;0;0)) = (7.23)

7.5 Enhancementso AddressChrominance

However, note that chrominanceis by de nition dependentbon the luminance(Referto Section
4.2). Thushandlingthe chrominancevariationis not a mereextensionof the algorithmto achiere
photometric (luminance) seamlessness.Instead, including chrominancewhile maintaining both
perceptualniformity andhigh display quality canbe shavn to bea ve dimensionaloptimization
problem.Further sinceluminances well quanti ed in theperceptualiterature,it is relatively easyto
designguantitate objective functionsfor suchan optimization. This becomesncreasinglydif cult
whenchrominancas involved.

In the currentalgorithm, we have only correctedfor the perceptualuminancevariations. It
hasbeenshavn in Chapter4, thatmary of the chrominancélotchesaremanifestatiorof luminance
variationswhich hasnot addressedh our algorithm. From the limitations of the humanvision and
the resultsachieved from our algorithmto achiere photometricseamlessneqgresentedn Chapter
8), it is evidentthat correctingfor the luminancevariation problemcantake us a long way towards
achiezing perceptuallyuniform high quality displays. Thus,it is worth while to augmenthe current
algorithmwith otherkinds of luminancecorrectionsn future andquantify the amountof perceptual

seamlessnesbatcanbeachiezedby addressingheluminancealone.
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CHAPTERS

System

In this chaptemve will describaheimplementatiorof thealgorithmpresentedh theprecedingsection

in details. This systemwasimplementedanddemonstratedn threedifferentmulti- projectordisplay

wallsatArgonneNationalLaboratory(a5 3arrayof fteen projectorsa3 2 arrayof six projectors

anda2 2 arrayof four projectors).

Reconstruction

Display to Projector Warp

Modification

Reprojection (Offline)

Projector to Display Warp

GEOMETRIC CALIBRATION
|

Projector to Camera Warp

Linear Data Images

Noise Removal
Parameter

CAMERA LINEARIZATION

Outlier Removal

Per Channel Parameter
Linearization LUT Attenuation
Width
IMAGE LINEARIZATION Attenuation
Function

Data
Images

Projector Luminance
Functions (W ' B)

DATA CLEANING

Clean Projector
Luminance Functions

\E
EDGE ATTENUATION
-l

Edge-Attenuated
Projector Luminance
Functions (W '?3 )a

DISPLAY LUMINANCE
FUNCTIONS GENERATION

PROJECTOR LUMINANCE
FUNCTIONS GENERATION

Display Luminance Functions

wisd

DISPLAY SMOOTHING
MAPS GENERATION

CONSTRAINED GRADIENT
BASED SMOOTHING

Display Smoothing
a
Maps (sf 0§

|

Smoothing
Parameter

wied

Photometric Measurements

PROJECTOR
SMOOTHING MAPS
GENERATION

Smooth Display
Luminance Functions

Projector Smoothing Maps
(s7.0%)
9
] J

—

GENERATE PROJECTOR
CHANNEL LINEARIZATION
FUNCTION

Figure 8.1: Systenpipeline

CALIBRATION

H

Reprojection (Online)

Image to be displayed

by each projector ( i‘ ) h'

—

APPLY COMMON
TRANSFER FUNCTION

hII (il)

APPLY SMOOTHING MAPS

oG s2 + Of
(| Ii i

APPLY PROJECTOR
LINEARIZATION
FUNCTION (H }J

L]

J

]

Corrected
Image

- o a
i Gp 5|J_al + o)

IMAGE CORRECTION

The systempipelineis illustratedin Figure8.1. The reconstructionmodi cation and part of

thereprojectionaredoneoff-line. Thesecomprisethe calibration step. The outputof this stepis the

projectorsmoothingmapsandthe channellinearizationfunction. Thesearethenusedin the image

correction stepto correctany image projectedon the display This image correctionstepcan be

implementedn real-timeusingcommoditygraphicshardware. Both the calibrationandthe realtime

imagecorrectionstepsarediscussedbelow.



8.1 Calibration

Let usnow seethedetailsof the calibrationprocedure.

8.1.1 GeometricCalibration

First, we performa geometriccalibrationprocedureghatde nesthe geometricrelationshipetween
the projector pixels (sj;tj), camerapixels (x;y) and the display pixels (u;v). This geometric
calibrationprocedureusesthe static camerato take picturesof someknown static patternsput up
onthedisplay By processinghesepictures,the geometriccalibrationprocedurede nestwo warps:
Gp,1 c(sj;tj) whichmapsapixel (sj ; tj) of projectorP; to thecamergixel (x; y), andGe: p (X;Y)
which mapsa camerapixel (x; y) to a display pixel (u;v). The concatenatiorof thesetwo warps
de nes Gp,1 p(sj;tj) which mapsa projectorpixel (s;;t;) directly to display pixel (u;v). These
three warps give us the geometricinformation we needto nd the luminancefunctions of each
projector

Several geometriccalibrationalgorithmshave beendesignedn the past[Yang01,Raskar99b,
Raskar99a]Any geometriccalibrationalgorithmthatcande ne accuratelgthetwo warpsGe, 1 ¢ and
Gc:! p canbeusedfor ourmethod.For ourimplementationye useageometriccalibrationprocedure
thatde nestwo cubicnon-linearwarpstj! c andGc, p. Thesenon-lineamwarpsincludetheradial
distortioncorrectionfor boththecameraandtheprojectors.Thiswarpcanbeimplementedn realtime

on traditionalgraphicspipelineusingtexture mapping. The detailsof this algorithmareavailablein

[Hereld02].

8.1.2 MeasuringChannelintensity Responsef Camera

First,we reconstructhe non-linearnintensitytransferfunctionfor eachchannebf the camerausingthe
algorithmof [Deberec97]. Thisis thenusedto linearizeperchannerespons®f every cameramage.

Thisis shovn asthe camea linearizationstepin Figure8.1.

8.1.3 MeasuringChannelTransfer Function of Projector

As mentionedin Chapter4, the projectorinput channeltransferfunction doesnot vary spatially
Hence,we usea narrav eld of view photometetto measurehe per channelnon-linearluminance

responset the centerof every projector Fromthiswe nd the channellinearizationfunctionH,
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for eachchannebf eachprojectorwhichis representetdy a LUT thatwould linearizethis luminance

responseThisis usedfor all coordinate®f the projector

8.1.4 DataCapturefor Measuringthe Luminance Functions

Figure 8.2: To computeghe maximundisplayluminancesurfacefor greenchannel,weneedonly four
pictures.Top: Picturestakenfor a displaymadeofa2 2 array of 4 projectois. Bottom: Thepictures
takenfor a displaymadeofa3 5 array of 15 projectors.

Toreconstructhespatiallyvaryingluminancegunctionswe usea highresolutiondigital camera.
Thecamerads setatapointfrom wherethewholedisplayis coveredin thecameras eld of view. Then
we take a setof imagesof the multi-projectordisplayfor the geometriccalibration. Thenkeepingthe
camerdn the samelocation,we capturetheimageso reconstructhe luminancefunctions.To reduce
thenumberof camerdmagesequiredo reconstructheprojectorluminancefunctions measurements
from multiple non-overlappingprojectorsarecapturedn thesamamage.Figure8.2shovsthecamera
imagesusedto computeWy for all projectorsin two of our displaycon gurations. (Similarimages,
but atdifferentexposurearetakento reconstrucB .) Following examplefrom [Deberec97],werelate
the imagesof differentexposureshy a scalefactor This scalefactoris determinedby dividing the

exposureto which theimageis transformedy the exposureat which theimagewascaptured.
8.1.5 MeasuringProjectorLuminanceFunctions

Reconstruction

Next we generatéheluminanceunctionsfor every projectorP; . Forthis,we rst linearizethecamera
imagesandthentransformthe RGB datato luminanceusingstandarcRGB to XYZ transformations.

Next we apply the geometricwarp Gp;1 ¢ on every projectorpixel (sj; tj) andtransformit to the
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cameracoordinatespaceandreadthe luminanceat that transformedixel from the luminanceof the

cameramagesusingbilinearinterpolation.

Cleaning Up Measured Data

The projector luminancefunctionsthus generatechave noise and outliers due to hot spotsin the
projectorsand/orthe cameraandthe natureof the screermaterial. The noiseis removed by a Weiner
Iter andtheoutliers,by amedianliter. Theuserprovidedkernelsfor theselters arereferrecto asthe
outlier remaval andthe noiseremaoval parametersespectiely in Figure8.1. Thekernelof the lters
is chosenby studyingthe frequeng of the outliersandthe naturesof the noisein the reconstructed

luminancefunctions.

Figure8.3: Left: Resultwith noedge attenuation Right: Edge attenuatiorof themaximumuminance
functionof a singleprojector

EdgeAttenuation

The projectorsmoothingmapsgeneratedn thereprojectionstageusuallyshav a sharpdiscontinuity
attheprojectorboundariesvherethetransitionfrom overlapto non-overlapregion occurs.Geometric
misregistrationof this edge,even by one pixel, createsan edgeartifact asshavn in Figure8.3. To

increasdherobustnes®f our methodagainstsuchmisregistrationswe introduceanedge attenuation
process. By this processwe attenuatethe luminanceof a few pixels at the boundaryof projector
luminancefunctions(W,; andBj) usinga cosineor alinearfunction. The edgeattenuatioris done
completelyin software anddoesnot involve ary nev measuremendr changein the reconstruction

process.So, the attenuatiorwidth canbe setto any valuelessthanthe width of the overlapregion.
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Note that, we just needan approximateknowvledgeof the overlapwidth available and not the exact
correspondencleetweemrojectorsn the overlapregion.

Let the edgeattenuationfunction be F; (s;;t;). The edge-attenuategrojector luminance
functionsaregivenby

lea = W|j Fi; Bja =B; F

The edge-attenuatedisplay luminancefunctionsW* andB? are generatedrom Wl? andB? using
Equation7.7 and7.8. Theseedge-attenuatesmoothdisplayIuminancefunctions,WIao andB?’, are
generatedrom W? andB? usingthe constrainedyradient-basetliminancesmoothing.The pictures

in Figure7.4includethis edgeattenuation.

8.1.6 DisplayLuminance SurfaceGeneration

Oncewe have the projectorluminancefunctionsfor every projectorP;j, we nd the contrikution of
every projectorat (u; v) by theinversewarpof Gp;1 p denoteddy Gp: p, (uU; v) andaddthemup.
8.1.7 SmoothingMap Generation

To accountfor the edgeattenuation the display smoothingmapsare generatedrom the display

luminancefunctionsby

) 3 Wlao Baol . : BaO Ba
Sla(u1V) = O|a(U,V) = W

b 1
W@ Ba’ 8.1)

SP(u; v) is calledthe attenuationmapsinceit is usedto scalethe inputin the reprojectionstepand
conceptuallyachiezesthe attenuatiorof reconstructeduminancefunction to the smoothluminance
function. Of'(u; v) is calledthe offsetmapsinceit is addedo the scalednputin thereprojectionstep

andis conceptuallyusedto correctfor the black offset.

8.1.8 Projector SmoothingMap Generation
Finally, the projectorsmoothingmapsshouldbe generatedsfollows.
Sﬁ = S|a(Gj CHDLEE O? = O|a(Gj (sj:tj))F; (8.2)

Figure8.4 shavs the scalingmapthusgeneratedor thewhole displayandoneprojector
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Figure8.4: Left: Displayattenuatiormapfor a3 5 projectorarray. Right: Theprojectorattenuation
mapfor oneprojector

Figure 8.5: Image CorrectionPipeline
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8.1.9 ImageCorrection

The smoothingmapsgeneratedy Equation8.2 in the calibrationstepis usedto correctary image
projectedon the display using Equation7.22. In Equation7.22, we know all the parametersn the
right handsideof the equationexcepthf’(i 1). This canbeary arbitrarymonotonicfunction suchthat
h%0) = 0andh%1) = 1. In our implementatiorwe useh{i;) = i2 which producesa pleasing

appearancin thetestimagery

Real-time Implementation

Figure 8.6: Left: Image from a single projector before correction. Right: Image after correction.
Notethat the boundariesof the correctedimage which overlapswith other projectors are darker to
compensatéor the higherbrightnessn theoverlapregion.

We achieve the image correctionin real time using pixels shades in commodity graphics
hardwareto do per pixel color correction. Multi-texturing is usedfor applyingh,0 andthe smoothing
maps. Due to unavailability of 1D look up tables,the channellinearizationfunction H), is applied
usingdependen2D texturelook-ups.Figure8.6illustratesthe effect of applyingthis correctionto the

imagefrom a singleprojector Figure8.5 shavs the pipelineof theimagecorrection.

8.2 Results

We have applied our algorithmto display walls of different sizes. Figure 8.7 shavs the digital
photograph®of our resultsona 2 3 arrayof six projectors,3 5 arrayof fteen projectors,and
a2 2 arrayof four projectors.Figure8.8 comparegheresultsof our methodwith onethatachieves

photometriauniformity.
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Figure 8.7: Digital photaraphsof actualdisplaysmadeof3 5,2 2and2 3arrayofprojectos.
Left: Befole correction.Right: After constainedgradientbaseduminancesmoothing

Figure 8.8: Digital photaraphsof a fteen projector tiled display Left: Before any correction.
Middle: After photometricuniformity. Right: After constainedgradientbaseduminancesmoothing
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In theprintoutof this paperor onasmalldisplaymonitor, sincetheresultsareshovn asascaled
down image,thethresholdfor detectingthe color non-uniformityis lower thanwhenthe sameresults

areprojectedn theactuall0 6 feetdisplay

8.3 SmoothingParameter

Figure 8.9: Digital Photgyraph 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 luminance per degree of visual angle
[Lloyd02 Chorley81]. Let us denotethis thresholdwith . The parameter de nes the per pixel
relative luminancevariationthata humanbeingcantolerateand canbe estimatedrom the expected
perpendiculadistanced of theuserfrom thewall andtheresolutionr of thedisplayin pixelsperunit
distance.

d —
-9 mo ' (8.3)

Thecamergositionusedo calibratethewall maybesafeestimatenf theuserpositionandr can
befoundfrom the physicalmeasurementsf thesizeof thewall. For example for our fteen projector
wall of sizel0 6 feetandresolution4500 200Q the numberof pixels perinch is approximately
30. We assumehatthe useris about6 feetaway from thewall, andthenapplyingthe above equation
and of 10% we nd thatw is approximately00.

With adecreasén the smoothingparameterthe surfacebecomedesssmoothperceptuallybut
the averagedynamicrangeof thedisplayincreasesFigure8.9 shovs anexample.

However, oneimportantthing to notehereis thatthetolerancehresholddepend®ntheimage
content. For example, whenwatchinga movie with high frequeng image content,the tolerance
thresholds higher thehighesteing15% But for adesktopor slide presentatiorvironment,which

involvesmostly at colors, the thresholdis muchlower. Thus, the ideal smoothingparametemnot
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only depend®nthedisplayresolutionandthe distanceof the viewer from the display but alsoonthe

speci ¢c imagecontent.

8.4 Scalability

Whendealingwith very high resolutionwalls, the limited cameraresolutioncanaffect the scalability
of our algorithm. We presentherea scalableversionof our algorithmwherewe change only the
methodfor reconstructinghe displayluminancefunction We reconstructhe luminancesurfacefor
partsof the displayat a time andthenstitch themtogetherto generatehe luminancesurfacefor the
wholedisplay

Figure 8.10illustratesthe procedurefor a displaywall madeup of four projectors. First, we
placethe cameraat positionA whencameras eld of view seeshe whole display (four projectors)

andrunageometriccalibrationalgorithm. Thegeometriovarpsfrom this processaredenotedy Ga .
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Figure 8.10: Left: Thecamen and projector setup for our scalablealgorithm; Right: Seamwisible

whenthedisplayis viewedfrom obligueanglesdueto non-Lambertiarcharacteristicsof the display
surface

Next we move thecamerao B and/orchangethe zoomto gethigherresolutionviews of parts
of thedisplay We rotatethe camerao seedifferentpartsof the display For example,in Figure8.10,
the cameraseesprojectorsP; andP, from B1 andprojectorsP3 andP4 from B,. We performour
geometriccalibrationfrom the orientationsB 1 andB » andlet the correspondinggeometriovarpsbe

Gg, andGg, respectrely.
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We alsotake the picturesfor our color correction(similar to Figure8.2)from B1 andB,. We
reconstruciW,? for P, andP> from the picturestakenfrom B usingGg, andfor Pz andP4 from the
picturestakenfrom B, usingGg,. We stitchtheseprojectorluminancefunctionsusingthe common
geometricwarp Ga to generatethe display luminancefunctions. The restof the processremains
exactly thesame.Pleasenotethatwe nd theluminanceresponsdrom locationB only. Figure8.11

illustratestheresult.

Figure 8.11: Digital photaraph of eight projector tiled display showingthe resultof our scalable
algorithm. Thedisplay luminancefunctionfor the left and right four projector con gurations are
reconstructedrom two different orientations. Thedisplayluminancesurfacefor the eight projectors
is stitchedfromthese Left: Befor correction. Right: After correction.

8.5 Other Issues

8.5.1 Black Offset

Typically, B is lessthan 0:4% of W2 and has negligible effect on the smoothingmaps. We
implementedan alternateversionof our systemassuminga black offset of zero. Exceptfor a slight
increasan the dynamicrange theresultswerevery similar to thoseproducedoy ourimplementation
withoutthisassumptionWe did notseea greatimprovementn blacksdueto largequantizatiorerrors
nearthe blackregion of theinputs. Further the softwareedgeattenuationdiscussedn Section8.1.5,
cannotachiese therequiredfeatheringfor the blacks. Thus,blackimagesstill shav faint seamsThis
canonly be alleviated by somephysical or optical edgeattenuatiorthat cantruly featherthe light

projectedfor black.

8.5.2 ViewDependency

Sincethe screensof the systemswe usedto demonstrateour algorithm are non-Lambertianour

correctionis accuratefrom the position of the camera. However, the resultlooks seamlesdgor an
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wide rangeof viewing angleanddistancesrom thewall. However, the resultlooks seamless$or an
wide angleof 120 150 deggreesand shavs someseamsvhenviewed extremelyobliqueanglesas

shavnin Figure8.10.

8.5.3 White Balance

Our methodgenerateperpixel 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
generatedor the greenchannelfor all channels.Sincethe natureof luminancevariationis similar

acrosghethreechannelsthe smallinaccuraciesntroducedby this do notshav ary visible artifacts.

8.5.4 DynamicRange

It is importantfor the brightnesf eachprojectorto bewell within the dynamicrangeof thecamera.
This canbe veri ed by simpleunderor over saturationtestsof the cameramages.In displaywalls
madeof mary projectorsthere may be large brightnessvariation acrossprojectors. In suchcases,
the cameraexposureshouldbe adjustedto accommodatéor this variation. This changen exposure
shouldbe taken into accountby appropriatescalingfactorswhile generatinghe luminancesurface
[Debevec97].Usingthe sameexposurefor all projectordeadsto contouringartifactsasseenin afew

results.

8.5.5 Accuracyof GeometricCalibration

Our display had pixels about2:5mm in size. A misalignmentof even a couple of pixelsin the
reconstructeduminanceresponsean causeperceved discontinuitieswithout the edgeattenuation.
Theedgeattenuatioralleviatesthe situationandwe cantolerategreatererrorsof abouts 6 pixelsin

thedisplayspace.
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CHAPTER9

Evaluation Metrics

In the precedingchapterswe have presentedhn algorithmto achieve photometricseamlessness
multi-projectordisplays. Our resultsin the Chapter8 shawv thatwe have achieved seamlesslisplays
that producehigh quality images.But, we needto quantify how goodthis displayis to compareour
methodwith otherexistingmethodspr eventheresultsof ourown methodwhendifferentperformance
parameterareused.In this chaptemwe presensuchanevaluationmetricthatcanquantifythe quality
of thephotometricseamlessnesshiared.

There has been mary work in the paston quantifying image quality by designingsome
perceptualerror metric [Lubin95, Daly93, Pattanaik98 Ramasubramanian9&erwerda97]. These
metricshave beenusedin the graphicsandvision communityto compareimagequality, especially
for imagesynthesisandcompressionechniquesMost of thesetechniquexomparamagesagainsta
goldenreference For example,for compressiortiechniqueshe goldenreferences anuncompressed
imageagainstwhich imagescompressedising different compressiortechniqguescan be compared.
For imagesynthesisanimagegeneratedisingsomephysically-basednodellik e globalillumination
is usedasagoldenreferenceandimagesgeneratedby othertechniquegrecomparedvith this golden
reference.

The problemwe facewhile usingsuchanalgorithmto evaluatethe resultsfrom our algorithm
is the lack of sud a goldenrefelence Thedigital imagethatwe are projectingon the displayshould
be our goldenreference. But whenwe put it on the display (both correctedand uncorrectednd
capturea digital imageof the projectedimageryusinga camerawe have alreadygonethroughtwo
differentcolor spacesgneof the projectorsandthe otherof thecamerasThus,it doesnotmake sense
to comparethe digital photograptof the projectedmagerywith the original digital imageto nd the
difference.So,| designedanenv metricto compareheluminancepropertief thedisplaybeforeand

aftercorrection.



9.1 Goal

The basicapproachof our algorithmhasbeento achieve perceptuallysmoothluminancevariation
while maximizingthe meandynamicrangeof the display Note thatthe uncorrectedlisplayhasthe
maximummeandynamicrange. Any correctionwould only reducethe meandynamicrangeof the
display But this uncorrectedisplayis signi cantly differentfrom the original digital imagejust
becauseof the differencein appearanceauseddueto the luminancevariationof the display The
otherextremeis adisplaythatis photometricallyuniform. Thisis similarin appearanct theoriginal
digitalimagebut signi cantly differentthanit in dynamicrange.Theidealsolutionlies somevherein
betweerthesewo. Further notethatto compardheresults we needto usesomesensoto capturethe
displayproperties A digital camerds a generalandreasonablsensoito usefor this purpose When
comparingthe resultscapturedby this sensomwith the original digital input, we should nd awayto
extractreasonablenformationabouttheappearancef thedisplaybeinginsensitve to the cameraand
projectors color spaces.

Thus,following arethe requirement®f our error metric. First, we should nd away 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 designshould capturethe
optimizationnatureof the problem.Third, this metricshouldbe ableindicatehow thedynamicrange,
brightnessand generalappearancef the imageis affectedby the correction. Fourth, it shouldbe
ableto make reasonablgudgmentsgyoing beyondthe differentcolor space®f the original, projected
andthe recapturedmage. We designeda metric to evaluatethe appearancef the imagesfrom the

uncorrectedndcorrectedlisplaysthatsatis esall theserequirements.

9.2 Overview

Let the original digital imagethat we put up on the display be called the refeenceimage R. We
would like to comparethis imagewith theimageprojectedon the displaywhich haseitherbeenleft
uncorrecteabr hasbeencorrectedusingdifferentalgorithms.

9.2.1 CapturingData

For this purposewe useadigital cameraWe run our geometriccalibrationalgorithmwith thecamera

atlocationA. Thenkeepingthe cameran the samelocation,we take theimagesof the displaywhen
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Figure 9.1: Left: Refeenceimage. Middle: Resultimage. Right: The recaptued image
correspondingo theresultimage in the middle

R is projectedonit. Thisimagetakenby the camerds calledtheresultimage andis denotedoy O¢.
Next we usethegeometridransformation$o convertthisimageOc into thedisplaycoordinatespace.
Thisis calledrecaptuedimage andis denotedy O. NotethatO andR now have thesameresolution
andaregeometricallycomparablgixel by pixel. Figure9.lillustratesthis.

Note thatwe may have morethanonerecapturedmageif we aretrying to comparedifferent
algorithms.Thus,for generalitywe denotecachof theseby O;. Notethatall theseresultimagedor the
correspondingecapturedmagesshouldbe capturedwvith the samecamerasettingsto becomparable.
However, notethatthe R andthe O;s arestill in differentcolor spaceand hencestill not directly
comparabl@hotometrically Figure9.2shavs areferencémageandmorethanonerecapturedmages
whenwe aretrying to compareddifferentalgorithms.In this particularexample we have thereference
image therecapturedmagefor uncorrectedlisplay(O;) andtherecapturedmagefor thedisplaywith
photometricseamlessneg®-,) achiered by the algorithmin Chapter7 usinga smoothingparameter
of 400.

9.2.2 PhotometricComparability

Thenext stepis to make thesereferenceandthe recapturedmagescomparablghotometrically For
this,we rst nd the meanvalueof all the pixelsfor R andO;. This givesthe overall brightnessof
theimagesandis denotedby Br andB o, respectrely. This meancangive usaway to comparethe
overall brightnesof thedifferentgeometriamages.

Next, we nd thevectordeviation of eachpixel valuefrom the correspondingneanB of the
image.Theimagesthusgeneratedrom R andO; arecalledRP andOP . Next, for eachchannelwe
compresgherangeof OP andRP within the maximumandminimumof all valuesof OP s andRP
generatingRM andOiM respectiely. Thistranslategherangeof eachimagearoundthe samemean

andcompressethe rangein the samereferencespacethushelpingus to comparesimilar quantities
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Figure 9.2: Top Row: Left: Refeenceimage. Middle: Recaptued image for uncorrected
display Right: Recaptuedimage with a photometricallyseamlessnegtisplay Middle Row: Left:
Compaablerefeenceimage. Middle: Compagble recaptuedimage for uncorrecteddisplay Right:
Compaagble recaptued image for photometricallyseamlesglisplay BottomRow: Middle: Error
of the compaable recaptued image for uncorrecteddisplay from the compagble refeenceimage.
Right: Error of the compagnble recaptued image for photometricallyseamlesglisplay from the
compaablerefeenceimage.
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evenif the referencémageR doesnot have the sameoverall brightnessof the recapturedmages
O;. Thiskind of changecanbe causeddueto changesn the exposureof the camera.Ry, is called
the compaable refeenceimage andOM s arecalledthe compagble recaptuedimages The second
row of Figure9.2illustratesthesefor thereferenceandrecapturedmagesin the rst row of thesame
gure. Thedifferencebetweerthe maximumandminimumfor eachchannelbf imagesRM™ andOi'V'

de ne theirrespectre dynamicrange vectorD R.

9.2.3 Error ImagesGeneration

Next we generatehe errorimageE; representinghe error betweencomparableecapturedmages
OM and comparableeferenceémageRy by nding the normalizedpixel-wise Euclidian distance
betweerRM andOiM . Thisis illustratedin Figure9.2. The sumandmeanof E; givesthetotal and

themeanerrorof O; from R denotedby TE; andM E; respectiely.

9.2.4 Error Metric

ThebrightnesgB ), dynamicrange(D R) anderrorimages(E) compriseour error metric. Note that
theremaynot beary physical O; thatcanexactly resembleR. The methodonly bringsR andO;sin
a similar referencdramein termsof perchanneintensityvaluesbut cannot do sofor morephysical
parametertik e color gamutor luminance Hence theevaluationlies in thefactwhethertheerrorsare

reducedby applyinga correctionmethodratherthanerrorsdisappearingltogether

9.2.5 Evaluation Results

Figure9.3 shavs thereferencémageR andtherecapturedmagesthatwe wantto compare.In this
case they areimagestaken beforecorrectingO1, after matchingthe displayresponseat every pixel
O, andthenaftersmoothingt with w = 40003. Figure9.3alsoshawvstheerrorimagest;, E» and
E3. Table9.2.5shavsthevaluesof thevariousmetric. Notethat,thebrightnessanddynamicrangeof
theresultsof smoothings higherthanthoseof matching.Thetotalandmeanerrorandthepercentage
of extraedgepixelsarealsoreducednorewith smoothingasexpected.
Figure9.4andTable9.2.5shav thesamefor a at white referencémage.Hereyou noticehow

the cameracolor gamutcanchangehe color appearancef theimages.
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Figure 9.3: Top Rowfromleft: (1) Therefelenceimage R. (2)Recaptuedimage before correction
(01) (3) Recaptued image after photometricuniformity(©-). (4) Recaptued image after achieving
photometricseamlessnesgth smoothingprarameter400(0O3). BottomRowfromleft: (2) Error image
for uncorrecteddisplay(E1). (3) Error image for photometricuniformity (E»). (4) Error image for
photometricseamlessnessith smoothingparameter200. (E 3).

Img | Brightness; | Dynamic Range | Total Error; | MeanError;
R | (1155166) | (197 154 136) NA NA

O, | (88;8367) | (209 240 159) 60962 0:25

O, | (41;3930) | (121137111) 56223 0:23

Os; | (75,67,51) | (174 168 155) 45766 0:18

Figure 9.4: Top Rowfrom Left: (1) Recaptuedimage with uncorrecteddisplay(O1) (2) Recaptued
image after photometricuniformity (O»). (3) Recaptuedimage after photometricseamlessnessith

Table 9.1: Resultdor theimagesshownin Figure 9.3

smoothingparameter400(0O3). BottomRowfromleft: (4) E1. (5) E2. (6) Es.
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Img | Brightness; | Dynamic Range | Total Error; | MeanError;
R | (255 255 255) (0;0;0) NA NA

O1 | (135,204 160) (60; 9C; 70) 30049 0:12

O, | (76;135105) (30; 20; 20) 14214 0:06

O3 | (117,182 137) (40; 60; 50) 13887 0:05

Table 9.2: Resultdor theimagesshownin Figure 9.4

Img | Brightness; | Dynamic Range; | Total Error; | MeanError;
R | (12511581) | (236,223 231) NA NA

O1 | (106;117,66) | (248 227,241) 251577 0:26

O, | (68;92 46) (206; 227, 201) 160942 0:16

Os | (63;8542) (195, 227,172) 146448 0:14

Table 9.3: Resultdor theimagesshownin Figure 9.5

Table9.2.5shavs theresultsfor imagesn Figure9.5whereO; is theimagebeforecorrection,
O, is the image after smoothingwith parameter400 and O3 is the image after smoothingwith

parameteB00. Thecorrespondingecapturednderrorimagesareshavn in Figure9.5.

Figure 9.5: Top Rowfrom Left: (1) Recaptuedimage with uncorrecteddisplay(O1) (2) Recaptued
image after photometricseamlessnessith smoothingparameter400 (O2). (3) Recaptued image

after photometricseamlessnessith smoothingoparameter800 (O3). BottomRowfromleft: (4) E1.
(5) E2. (6) E3.

From the above results, it is clearthatthe error TE andM E is high with an uncorrected
display and becomessmallerwith the increasein smoothingparameter In this phase the erroris

dueto the presenceof sharpluminancevariationwhich leadsto a changein appearanceAt some
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point the error reachesa minimum, after which it increaseswvith increasein smoothingparameter
This is the reasonthat the error is more whenthe smoothingparameteis in nity (photometrically
uniform display)thanwhenit is 400 or 800. In this phasethe erroris dueto the compressiorin the
dynamicrangewhichalsoleadsto achangen appearancelhus,in all casegheerrorsigni es change
in photometricappearanceyut for differentreasons.n Section8.3, it wasmentionedthattheideal

smoothingparametedepend®ntheimagecontent.Thesmoothingparametefor whichtheminimum
erroris achieved signi es theideal smoothingparametefor the speci ¢c image. Thisis illustratedin

Figure9.6.

Figure 9.6: Error vs SmoothindParameter
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CHAPTER10

Conclusion

This dissertationmakes an effort to study the color variation in multi-projector displays in
a comprehense fashion. Several empirical studieswere conductedwith mary contemporary
off-the-shelfprojectordevices. It is evidentfrom the severalstudiesin Chapte thatsomepartof the
problemcanbealleviatedby designingprojectorghatwould have lower blackoffsets highercontrasts
andlesserspatialvariationsin color. However, [Stupp99]shaws thatsuchimprovementsvould make
projectorsmuchmore expensve thus making suchtiled displayscostprohibitive defeatingthe very
purposeof themakingsuchdisplayscommonplace.

Instead,to make suchdisplayseasyto realize,my work introducesa generalcomprehensie
framawvork of the emineopticfunction that modelsthe color projectedon planar multi-projector
displaysandcanact asa fundamentalguide to study color variation issuesfor suchdisplays. The
generalformal de nition of color seamlessnessan help de ne differentkinds of goalsbasedon
applicationrequirementuserability anddisplay property Thesetwo togethercanbe usedto design
novel algorithms. Last but not the least,| demonstraténow to optimize the emineopticfunctionto
designa practical, working systemthat achiezes seamlesdigh quality multi-projectordisplaysat
interactve rates.

We believe thatour work presentshe rst fundamentatool requiredto addresshe problemof
color variationin multi-projectordisplaysin a structuredfashion. However, thereare mary speci ¢
issuesthat canbe identi ed within this framevork and needsto be solved. For example,we need
to designpracticalalgorithmsfor displaysvarying in chrominancealso. We needto addresshe
issueof non-Lambertiarsurfaces.ln mary applicationswe needto have a systemthat continuously
adjustdts photometriccorrectionwhile in useto successiely improve therespons@endautomatically
adaptto systemchangeqe.g. small geometricchangesor changesin lamp characteristicglue to

aging). Last but not the least, several featuresand improvementsin the projectorscan be madeto



realizesuchdisplayseasilyand e xibly. First, it is desirableto have standarddigital computerand
network interfacesin the projectorsto easily interface them with the driving computers. Second,
embeddedystemsaccessibldy internalandexternalsoftwareapplicationsshouldbe providedin the
projectorsthat canbe usedto achieve differentkinds of geometricand photometriccorrectionstile
recon gurationsand otherfeedbackcorrectionsinteractvely. Suchadwancedprojectorsalongwith
more advancedmethodsdesignedrom suchmodelsasthe emineopticfunction would make highly

e xible perceptuallyseamlessiled displayscommonplacén the nearfuture.
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APPENDIXA

Color and Measurement

A.1 Color

Coloris the perceptiorcreatedn a sensolby a spectrunof light S. The spectrumS is a function of
wavelength, . S( ) givestheamountof light of wavelength presenin the spectrum.As humans,
thesensowe areinterestedn is thehumaneye.

Monodromatic color ideally refersto light of a single wavelength. This is very dif cult to
achieve physically. It is known thatthe color sensationseportedby an obsenrer with normalcolor
visionvary asafunctionof wavelengthof thelight stimulus.This holdstruefor ary wavelengthin the
rangeof 400 650nm. Thesensationseportedoy the obserersexposedo the variouswavelengths
are known as hues In 1976, Murch and Ball performedan experiment. Subjectswere aslked to
identify the colorsof light madeof very narrav wavelengthband(10nm), coveringthewhole visual
spectrum.The obsererswereasledto characterizeeachstimuluswith four numberscorresponding
to the amountof blue, green,yellow andred perceved to be presentin that particulartarget. The
resultsof thestudyshavedthatthe humanperceptioris insensitve to wavelengthof lessthan400nm
andabore 650nm. S0400 650nm is calledthe visual spectrumof light. In 450 480nm, the
predominansensatiorwasthat of blue. Greenhasa fairly broadbandfrom 500 550nm. Yellow
wasconcentratedh a narrav bandof 570 590nm. Wavelengthsabore 610nm werecharacterized
asred. Anotherimportantobsenationwas,thatmostof the colorswerecharacterizeavith morethan
two cateyories.For examplea 500nm stimuluswasgivenanaverageratingof 6:3 green 2:2 blue,0:8
yellow and0:1 red. The bestor purestcolors- de ned asthe maximumvalueestimatedor onecolor
catggory andminimumvaluefor the otherthreecateyories- indicatedpureblueatabout470nm, pure

greenatabout505nm andpureredatabout575nm. Thisis illustratedin FigureA.1.



0 400 500 600 700
Figure A.1: Thecolor spectrunof light for differentwavelength

Achromatic color canoccuronly whenthe amountof light emittedor re ected by an object
doesnot vary asa function of the wavelength. In otherwords, equalamountof all wavelengthsare

presenin thespectrunof thislight.

Objectsin the visual ervironmentthat re ect or emit distributions of wavelengthin unequal

amountsaresaidto bechromatic.Thatmeanghe spectrunof a chromaticcolor hasdifferentamounts

of differentwavelengthof light.

A colorhastwo attributesassociategvith it, namelyluminanceandchrominance Chrominance

is hastwo componentshueandsatumation.

1. Luminance: This is the amountof light/enegy in the color andis measuredy cd=m?. This

hasadirectrelationshipwith the percevedbrightnesf acolor.

Reflectance

0 400 500 600 700

Wavelength
Figure A.2: Spectrunof aredcolor

2. Hue: Thehueis decidedby therelative amountof thedifferentwavelengthgresenin acolor.

For example,a spectrumasin Figure A.2 would have a red hue sinceit hasmore of the red

wavelengthghantheothers.

3. Saturation: A puremonochromatidight is seldomencountereéh the realworld. However, if

avery narrov bandof wavelengthis taken,anobsererwill beableto identify adominanthue.
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As the bandis increasedthis dominanthueremainsthe same but, it becomedessdistinct or

clear It is saidthatthe hueis lesssatuated

Thus,saturatiordependsipontherelative dominanceof purehuein a color sample.

(a) Saturatiordecrease# thebandof wavelengthsn acoloris increased.

(b) It alsodecrease#d theamountof neutralcolor addedo the purehueis increased

A.2 Measuring Color

In orderdealwith color andunderstandt, we next seehow do we measurecolor. The technique®f

measuringcolor comprisethe scienceof colorimetry.

A.2.1 Light Sources

Relative Power

Wavelength

Figure A.3: Comparisonof the relative power distributions for spectal power distribution of a
uor esceni{solid line) anda tungstendottedline) light souices

The spectal powerdistribution of a source is the power of its electro-magneticadiationasa
function of wavelength. Spectralpower distribution canvary greatlyfor differentsourcesof light as
shavn in FigureA.3. However notethatthein the gure the power valuesare expressedn termsof
relative power, not absolute Suchexpressioris sufcient for mostpurposes.

Measuringthe color characteristicof a light sourcemeansto measurethis spectralpower

distribution of thelight source.
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A.2.2 Objects

When light reachesan object, someof it getsabsorbedand the restis transmittedand re ected.
The amountof light that is re ected and transmittedgenerally varies at different wavelengths.
This variation is describedin terms of spectal re ectance or spectal transmittanceproperties.
Spectal re ectance(tansmittancepf an objectdescribethe fraction of the incidentpower re ected
(transmitted)by the object, as a function of the wavelength. For example,the spectrumshawvn in

FigureA.2 is the spectrake ectanceof ared Cortlandapple.
A.2.3 Color Stimuli

Light Source Object Color Stimulus

X ﬂ _ M
|  EEEENCEEEEEEEEaee | | EEENNNEEEEEEEECees |
400 700 400 700 400 700

Figure A.4: Calculation of the spectal power distribution of a Cortland apple illuminated with
uor escentight

The spectal power distribution of a color stimulusis the product of the spectralpower
distribution of thelight sourceandthespectrale ectancedistributionof theobject. Thecolorstimulus
is theresultof thelight thathasbeenre ected from or transmittedhroughvariousobjects.In Figure
A.4 we shaw the color stimulusresultingby illuminating a Cortlandapplewith a uorescentlight.

Theimportantthing to notehereis thatthe color of ary objectis notinvariant, noris it solely
dependenbn the re ectancepropertiesof the object. An objectmay be madeto look of color by

changinghhelight sourcewith whichit is illuminated.

A.2.4 Human Color Vision

Humancolor vision derivesfrom the responsef threephoto-receptorsontainedn theretinaof the
eye,called , and . Eachof thesephoto-receptorsespondglifferentlyto thevaryingwavelengths
of light. The approximatespectal sensitivitiesof thesephoto-receptorsor, in otherwords, their

relative sensitvity to light asthefunctionof its wavelengthis shavn in FigureA.5.
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Figure A.5: Estimatedspectal sensitivitiesof , and photo-eceptos of theeye
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Figure A.6: Left: Color stimulifromageratum ower appearingblueto thehumaneye Right: Color
stimulifroma particular fabric sampldooking greento the humaneye

Note that humaneye is insensitve to light of wavelengthgreaterthan 650nm andlessthan
400nm. This shows that even thoughthe color stimuli of an objectsuggestone color, the human
perceptionrmay perceve a completelydifferentcolor, basedon the sensitvity of the photo-receptors
in theretinaof theeye.

For example,FigureA.6 shavs the spectrunof thecolor stimuli from a o werageratumFrom
the spectrumit appearghat the color shouldlook red, but it looks blue to the humaneye. This
is becauséhe humaneye is more sensitve to the blue componenthanthe red componentn this
stimulus. Similarly, the stimuli producedby a fabric sampleasshavn in Figure A.6 seemggreento
thehumanobsenrer thoughthe color stimuli seemdo indicateotherwise.

Becausef thetrichromaticnatureof thehumarwvision, it is very possiblethattwo color stimuli,

having different spectralpower distribution will appearidenticalto the humaneye. This is called
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metamerisnandtwo suchstimuli arecalledmetamerigair. In fact,metamerisms whatmakescolor
encodingpossible.lt is becausef metamerisnihatthereis no needto reproducehe exactspectrum
of a stimuli, ratherit is sufcient to producea stimulusthatis a visual equivalentof the original
one. Note that, metamerisninvolves matchingvisual appearancesf two color stimuli, andnot two
objects Hence two differentobjectswith differentre ectancepropertiescanform a metamerigai,

undersomespeciallighting conditions.

A.2.5 Color Mixtures

Having consideredthe visual appearancef both achromaticand chromaticcolors, now we turn

towardsproductionof colors.

Subtractive Mixtur e of Colors
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Figure A.7: SubtactiveColor Mixture

The color of a surfacedependsn the capacityof the surfaceto re ect somewavelengthsand
absorbothers. Whena surfaceis paintedwith a pigmentor dye, a new re ectancecharacteristids
developedbasedon the capacityof the pigmentor dyeto re ect andabsorhthe differentwavelengths
of light. Considerasurfacepaintedwith yellowpigmentwhichre ects wavelengths&670 580nm and
anothersurfacepaintedwith cyanpigmentwhichre ects 440 540nm. If we mix boththe pigments

theresultingcolorwill begreen Thisis becaus¢heyellow pigmentabsorbghe shorterwavelengths
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belov 500nm andsomeof themiddlebandwavelengthfrom 500 550nm. Thecyanpigmentabsorbs
all of the longerwavelengths560nm andabore. The enegy distribution of all theseare shavn in
Figure A.7. Thusthe yellow absorbghe wavelengthsevoking the sensatiorof blue while the cyan
absorbghe wavelengthsevoking the sensatiorof yellow. Hence,whatis left behindafter this is a
sensatiorof green.Thisis calledsubtactivecolor mixturessincebandsof wavelengthsaresubtracted
or cancelledby thecombinatiorof light absorbingmaterials Theyellow, cyanandmagentas termed
asthe color primariesof the subtractve color mixtures, becausdheseare the minimal numberof

pigmentsrequiredto produceall othercolors.

Additi ve Mixtur e of Colors
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Figure A.8: AdditiveColor Mixture

Colorscanbe mixedin anotherfashionin which bandsof wavelengthsareaddedo eachothet
Thisis calledadditivemixture of colors. Thisis alsothe meandy which coloris producedn thecolor
display Thesurfaceof acolordisplayis madeup of hundredf tiny dotsof phosphorPhosphorsire
compoundghatemitlight whenbombardedvith electronsandthe amountof light givenoff depends
on the strengthof the electronbeam. The phosphorson the screenmarein groupsof three,with one
phosphoremitting longer wavelengths(red), one emitting the middle wavelengths(green)and one
emitting the shorterwavelength(blue). All the threephosphordogetherproducea very broadband
containingall of the visible wavelengths.Varying the intensity levels of the phosphorgroducethe
differentlevelsof lightness.Thusred greenandbluearecalledthe primariesfor the additive mixture
of colors.

In FigureA.8, thespectrunof monochromaticolorsis denotedy theoutercircle. Theprimary

colorsaremarkedon that. Blue, Greenandred areshavn on this spectrum.Theinterior of thecircle
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denoteghe color that will be formed by mixing two or more monochromatidight. The centerof
the circle denoteghe white. Let us denotethis point by O andthecolor it representby W. Let us
take a point P on the circumferenceof the circle denotethe monochromaticolor C. Theline that
joins O andP denoteghe color C with differentlevels of saturation.With the threeprimaries,one
candenoteall the colorswithin the innertriangle. As is evident, thesecolorsare unsaturatedorm
of somemonochromaticolor. As is evidentform the pictureof threeprimary systemin FigureA.8,
we cannotproduceary of the monochromaticolors(with the exceptionof the threeprimary colors)
at high saturationievel with only thesethreeprimaries. However, we canproducesomeunsaturated
form of the monochromaticolor. Sopeoplehave tried with four or ve primary colorsasshavn in
FigureA.8. But experimentsshaved thatthe improvementin the color did not offsettheincreasen

expenseandhencepeoplegenerallyusered,greenandblueasprimaries.

A.2.6 Colorimetry
CIE Standard

In 1931,a specialcommitteeof Commissioninternationalede Eclairage(CIE) metto developthree
standardprimariesRg, Gs and Bs. A major goal was to provide a numerical speci cation of
additive color, to de ne a setof primaries,suchthatdifferentamountof thetrio producethe different
colorsin the visual spectrum.Rs, Gs andBs areimaginary primariesdevised by Maxwell, which
encompassethe whole visual spectrum.The amountof theseprimariesrequiredto reproduceall of
the monochromatidight canbe representeds a setof color matding functions denotedby x( ),
y( ) andz( ) respectiely (FigureA.9). Noticethatthey do not have ary physicalequivalenceand
arenot the spectraldistributionsof Rs, Gs andBgs, they are merelythe auxiliary functionsof how

thesethreeprimariesshouldbe mixedtogethetto generatehe metameiof the monochromaticolors.

CIE Tristimulus Values

It turns out that thesethree are the CIE standardcolor primariesmodel the responseof the three
photo-receptors thehumaneye andis oftenreferredasStandad CIE Observer The CIE tristimulus

valuesX,Y andZ, X;Y;Z < 1.0aretheamountf Rs, Gs andBg, requiredto generatea particular
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Figure A.9: A setof color matting functionsadoptedby the CIE to de ne a Standad Colorimetric
Observer
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Figure A.10: Calculationof CIE tristimulusvalues

color C andis de ned asfollows. Let S( ) de ne the spectralpower distribution of thelight source.

LetR( ) de ne thespectrake ectancedistribution of theobject. Then

%80
X =k SCIR()x()
=380
%80
Y=k SC)HRC)y()
=380
%60
Z=k S(R()z( )
=380

andk is anormalizingfactor Thisis illustratedin FigureA.10.

A perfectwhiteis anobjectthathasare ectanceequalto unity throughouthevisible spectrum.
And also,it shouldbeisotrophic i.e. it shouldre ect light in all directionsuniformly. k canbechosen
in two ways. It canbechosersuchthatY = 100whenthe objectis a perfectwhite Thenk is called

percentfactor. If k is chosensuchthatY valueof a perfectwhite objectis 1.00, it is calledfactor

values
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A colorimeteris aninstrumenthatcanprovide directmeasuremerdf the CIE XYZ tristimulus
valuesof a color stimuli. Y correspondso luminancewhich is the measurementf the brightnessif
X andZz areequal stimuliwith higherY will look brighter However, notethatY is nottheluminance

(asde nedin SectionA.1) itself.

A.2.7 ChromaticityDiagram
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Figure A.11: CIE ChromaticityDiagram

We de ne chromaticityvaluesx, y andz from thetristimulusvaluesasfollows.

X Y 7
TXiv+zY T XA Y+Z2 T XY 2

Noticethatx + y + z = 1. Thus,justby knowing x andy, we cannotcalculateébackX ,Y andZ.
Figure A.11 shows the result of plotting x andy for all visible colors. This is called CIE
chromaticitydiagramand correspondso chrominance.lt hasbeenshavn thatall colorswith same
hueandsaturationbut differentluminance)coincideat the samepoint on the chromaticitydiagram.
The interior and the boundaryof the horse shoe shapedregion representall the visible
chromaticityvalues. A standardwhite light is formally de ned atW wherex = y = z = % The
monochromatior thecentpercensaturateaolorsform theouterborderof thisregionwhile thecolors
in theinterior of the horse-sho@reunsaturatedolors. The straightline in the bottomrepresentshe

variousshadef purple. This diagramis very usefulsincethesefactorsout theluminanceandshowvs
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only the chrominance.Soit doesnot shaw all the colors. Whentwo colorsareaddedtogethey the
chrominancef thenew colorliesonthestraightline joining thetwo original colorsin thechromaticity
diagramthelocationof thenew colordependingntheproportionof theluminance®f thetwo colors

added.

T - 1 | f X
0.2 0.4 0.6 0.8 1.0

Figure A.12: CIE diagramshowingthreedifferentcolor gamuts

LetP beacolorin FigureA.11. Thestraightline joining whiteandP , meetghevisualspectrum
atC. HenceP isaunsaturateéorm of thepuremonochromaticolorC. Thewavelengthof C is called
thedominantwavelengtlof P. However, all colorsdo not have adominantwavelength.Thesecolors
arecallednon-spectal. For exampleQ doesnot have a dominantwavelengthsincethe line from W
to Q whenextendedmeetghe purpleline. In suchcasestheline is extendedn the oppositedirection
andwhenit meetsthe visual spectrumthat wavelengthis calledthe complementaryavelengthfor
thecolor. In this case the wavelengthof D is the complementaryvavelengthof Q. Thusmixing D
with Q will help usto getthe achromaticcolor W. The excitation purity of ary color possessing
dominanwavelengthis anexactly de nedratio of thedistancesn thechromaticitydiagramindicating
how far the givencolor is displacedowardsthe spectruncolor from the achromaticcolor. Thusthe

excitationpurity of P is }W—Pci For a color without a dominantwavelengthasQ, the excitation purity
is JJ\\’,VV—LQJJ

Anotheruseof the chromaticitydiagramis thatit helpsusto specifycolor gamuts If we draw
atrianglejoining ary threecolorsin this diagram all the color within the trianglecanbe represented

by somecombinationof thethreecolors. This helpusde ne thereal primariesfor reproducing:olor,
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andneedlesso say noneof themcanreproduceall thevisible colors. Figure A.12 showvs threesuch
color gamutsdevisedby Wright andGuild respectiely. Notethatthe smallergamutcannotreproduce

mostof theshade®f blue.

Advantageand Disadvantageof the CIE standard
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Figure A.13: Leastamountof change in color requiredto producea change in hueandsatumation

The 1931 CIE standard$ave a few characteristicshat renderthemusefulfor descriptionof
color in color hard copy anddisplays. The one obvious one is that the color producesby one set
of primariescan be matchedto the color producedby anothersetof primariesby adjustingthem
to producethe sameCIE coordinates. Moreover, this modelsa standarchumanobsener's photo-
receptorsensitvity.

Despitetheseobvious facts, there are a few disadantageof the CIE standard. The most
importantdravbackis that the distancebetweentwo pointson the CIE diagramtells nothingabout
the perceved color difference.In fact,from the perceptuaperspectie the CIE spacds non-uniform.
FigureA.13 depictsa studydoneby MacAdamin 1942in which the leastamountof color required
to producepercevable differencein hue and saturationis shavn for samplestaken from all over
the CIE space. Two importantaspectf this dataneedto be noted. First, the amountof change
variesconsiderablyfor samplesfrom differentpartsof the CIE space. Further elliptical shapeof
the measurementsdicatesthatthe non-uniformityvariesalongthe axis of the diagram.Recently a
transformatiorof the 1931 CIE standardcolor spacehasbeenadoptedthat producea more uniform

color space.
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