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Figure1: Fromleft to right: our projectorbaseddisplay shaving an HDR image;our LED-basedHDR display shaving a discreteanda
smoothintensityramp(thetop half of the discreterampandthe bottomhalf of the smoothramphave eachbeencoveredby a 1% transparent
lter toillustratehigh luminancecontenton theleft sideof theimage,which cannotbe capturedby the camera)a colorcodedoriginal HDR
image;HDR photographaken off the screerof our projectorbasedsystem;HDR photographtaken off a conventionalmonitor displaying

thetone-mappedmage.

Abstract

The dynamicrangeof mary real-world ervironmentsexceedsthe
capabilitiesof currentdisplaytechnologyby severalordersof mag-
nitude. In this paperwe discusghe designof two differentdisplay
systemghatarecapableof displayingimageswith adynamicrange
muchmoresimilar to thatencounteredh therealworld. The rst

display systemis basedon a combinationof an LCD paneland

a DLP projector and canbe built from off-the-shelfcomponents.

While this designis feasiblein a lab setting, the seconddisplay
system,which relies on a custom-hilt LED panelinsteadof the
projector is moresuitablefor usualof ce workspacesndcommer
cial applications We describehedesignof bothsystemsaswell as
the softwareissuesthatarise. We alsodiscussthe advantagesand
disadwantage®f thetwo designsandpotentialapplicationgor both
systems.
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1 Introduction

In the pastfew years,the limited dynamicrangeof bothimaging
devicesanddisplayshasreceveda lot of attentionin thecomputer
graphicscommunity Algorithms have beendevelopedfor captur
ing both photographgMann and Picard 1994; Deberec and Ma-
lik 1997; Robertsoret al. 1999; Mitsunaga and Nayar 1999] and
videos[Kang etal. 2003]with extendeddynamicrange.

Simultaneouslytone mappingoperatorshave also beendevel-
opedfor compressinghe dynamicrangesothattheimagescanbe
displayedon the familiar 8 bit/channeldisplayswith typical con-
trastratios of about300 : 1, including ary corventionalCathode
Ray Tube (CRT), Liquid Crystal (LCD), and projectorbaseddis-
play. While thesetonemappingoperatorge.g.[Schlick 1994;Lar-
sonetal. 1997;TumblinandTurk 1999;DurandandDorsey 2002]
amongothersallow for displayinghigh-dynamic-rangéHDR) im-
agesn arecognizableandevenaestheticallypleasingway, nobody
would confusea photographrenderedin this fashionwith, say
watchingthe samescenethrougha window. The dynamicrange
of corventionaldisplaysis simply insufcient to createthe optical
sensatiorof watchinga real sunsebr driving a carinto oncoming
trafc atnight. Note thatthis is not just an issueof top intensity:
simply increasingthe brightnessof a conventionaldisplay would
washoutthe darktonesandturntheminto amediumgray Whatis
neededs a signi cant expansionof the contrastor dynamicrange
of thedisplay

In this paperwe describetwo alternatve designsfor HDR dis-
play systems.We have built prototypesof both, and discussboth
the opticaldesign,andrelatedsoftwareissuessuchasdisplaycali-
brationandtherenderingof HDR imageson bothdisplays.

Bothdisplaysystemsarebasednthefundamentaldeaof using
anLCD panelasanoptical Iter of programmabléransparengto
modulatea high intensitybut low resolutionimagefrom a second
display For example,assumeve have ary displaywith a contrast
rangeof ¢; : 1 betweerthe darkestandthe brightestintensitypro-
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ducibleby thatdisplay If we now putanLCD panelwith acontrast
ratioof c; : 1in front of the rst one,thenthe(theoretical)contrast
of thecombinedsystemis (¢c; ¢;) : 1. In practice the rst display

needsto be ableto producea very high intensityimage,because
color LCD panelsonly have a transpareng of about3-8%, even

whenswitchedto "white', sothatmostenegy is actuallyabsorbed.
Anotherreasorfor usinga displaywith a very high baseintensity

is thatalot of theHDR imageswe wouldlik e to shav have, in fact,

very bright regionsin them.

Basedon this principle,we have derived two alternatve designs
for HDR displays.In the rst design(Section4), a video projector
basedon Digital Light Projector(DLP) technologysenes asthe
basedisplay In this version,we directly focusthe projectoronto
the back of the LCD panel. Sincethe illuminated areais much
smallerthanduring regular useof a projector the light densityis
dramaticallyimproved,yielding the high top intensitieshatwe are
aiming for. While this designworks well in a laboratorysetting,
it hasseveral dravbacksthat restrictits usefor a wider classof
applications.In particular thesearea large form factor, signi cant
power consumptionand heatdevelopment,as well as calibration
issues.

To overcomehesessuesye have devisedasecondlesign(Sec-
tion 5), in which the projectoris replacedwith a low-resolution
arrayof ultra-brightLEDs. Theintensityof every LED canbe pro-
grammedndividually, yielding a low resolutionversionof the de-
siredimage. High frequeng featuresareintroducedby attaching
a high-resolutionLCD panelto the front of this LED array and
adjustingits transpareng accordingly This designmakes use of
resultsfrom psychoplysics,which shawv thatvery high contrastal-
thoughimportanton aglobalscale cannotbe percevedby humans
athigh spatialfrequenciegseeSection3).

The two displayswe developedhave dynamicrangeswell be-
yond 50; 000 : 1, and a maximumintensity of 2700cd=m? and
8500cd=m?, respectiely. This comparesto a typical dynamic
range of about300 : 1, and a maximum intensity of about
300cd=m? for atypical desktopdisplay

Thedesignof bothsystemsandtheirappropriateenderingalgo-
rithms, aswell asthe advantageanddisadantagesaredetailedin
Sections4 and5. In Section6 we discusspossibleapplicationsor
our displaytechnologybeforewe concludewith someremarksand
futureresearcldirectionsin Section?.

2 Related Work

The classof imageprocessingechniquedor copingwith the dis-
crepang betweenreal world luminancesandthosethat t within
the limited gamut of a corventionaloutput device is collectively
called tone-mapping Tumblin and Rushmeie{1993] introduced
this conceptto computergraphics thoughtheir early work did not
addresglynamicrangelimitations per se. The rst tone-mapping
operatorto tackledynamicrangereductionwasChiu etal. [1993],
who useda spatiallyvarying exposurerampover theimage. How-
ever, this approachled to disturbing“reversegradients”typically
seenas halos around light sources. Later work by Larson et
al.[1997]returnedo aglobaloperatoffor dynamicrangereduction
basedon histogramadjustmento avoid theseartifacts,with local
variationsto simulatedisability glare dueto high contrastbound-
ariesin a scene. Pattanaiket al. [1998] developedwhat somere-
searchergonsiderthe ultimate still image operatorbasedon the
humanvisual system,incorporatingcolor adaptation,local con-
trast, and dynamicrange. However, even this operatorexhibited
somereverse-gradiengffectsnearhigh contrastooundarieslueto
its local spatial lters, leadingotherresearcherto take a different
approach.

Thebasicchallengeor a spatiallyvaryingtone-mappingpera-
toris thatit needgo reducethe globalcontrasof animagewithout

affectingthelocal contrasto whichthehumarvisualsystem(HVS)

is sensitve. To accomplistthis,anoperatomustseggmentheHDR

image eitherexplicitly orimplicitly, into regionstheHVS doesnot
correlateduring dynamicrangereduction. The rst researcherto

successfullyaccomplishthis in an automatictone-mappingvere
TumblinandTurk [1999]with their LCIS operator However, LCIS

sometimesproducesodd-looking images,which bear little rela-
tion or resemblanceo the original scenebrightnesses.More re-
centoperatorsy Ashikhmin[2002], Fattal et al. [2002], Reinhard
et al. [2002], Durand& Dorsey [2002], and Choudhury& Tum-
blin [2003],aremuchmoresuccessfuin separatingontrasdiffer-

enceghatmatterto vision from thosethatdo not.

Regrettably noneof thesetechniquediasbeenvalidatedor sup-
portedby psychoplysicalresearchsothe resultingimagesremain
astheonly evidencethatthesemethodshave ary realvalidity for re-
producingour experienceof anHDR sceneonalow dynamicrange
device. Most of the methodscontainfree parametershat mustbe
setby theuserbasedn preferenceUsually, little canbesaidabout
thevisualimpactthattheseparametersiavze on theimagein terms
of visibility, contrastprightnesspr humanvisualresponseén gen-
eral.

HDR displaysoffer two bene tsin this area.The rst, immedi-
atebene tis to researchersyho until now have hadno meansor
the controlleddisplay of dynamicHDR imageryin their studies.
Our HDR displaysarealreadyhelpingresearchert testout their
hypothesesegardingthe effectsof tone-mappingn HDR scenes.
Thelongertermbene t will befelt whenHDR displayspenetrate
the professionabndeventuallythe consumemarkets,reducingor
eliminatingthe needfor tone-mapping Although we expecttone-
mappingto continueto be a requirementor mary typesof out-
put, suchashardcopy, the availability of HDR displayswill likely
reducethe needfor dynamicrangecompressiorfor mary critical
applicationdn theyearsto come.

3 Remarks on Human Perception

Thehumarnvisualsystemhastremendousapabilitiesut alsosome
limitations. Someof theselimitations are an integral part of the
theoryunderlyingthe HDR devicespresentedh this paperandthe
following sectionawill describehesein detail. In generalour eye
hasevolvedto dealwith the vastdynamicrangeavailableto usin
our daily environment,rangingfrom starlightto sunlightover at
leastan eight order of magnitudeluminancerange. To copewith
this range the eye usesa comple adaptatiorsystem.For the pur
poseof this paper we usea simple model of adaptatiorwith two
time scalesthosemechanismsvorking attime scaleof theorderof
minutesandthosewith a shortertime scale. Theformerareof little
interestfrom the point of view of HDR displaydevelopment.The
latterareveryinterestingasthey aretheprimaryreasorwhy current
displayscannotprovide realisticrepresentationsf realworld HDR
scenes.The eye cancaptureapproximatelys ordersof magnitude
of dynamicrangeeffectively simultaneouslyNo conventionaldis-
play technologycomescloseto this. Yet, therearelimitations to
this capabilityasdescribeelow.

3.1 Local Contrast Perception

While we canseea vastdynamicrangeacrossa scenewe areun-
ableto seemorethana small portion of it in small regions (cor-
respondingto small angles). Different researcherseport differ-
entvaluesfor the thresholdpastwhich we cannotmake out high
contrastboundariesbut mostagreethatthe maximumpercevable
contrastis somavherearound150 : 1 [Vos 1984]. Scenecontrast
boundariesabore this thresholdappearblurry and indistinct, and
the eye is unableto judgethe relative magnitudef the adjacent
regions.
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Figure2: The point spreadunctionof the humaneye accordingto
Moon&Spencef1945].

This inherentlimitation canbe explainedlocally by the scatter
ing propertiesof the eye. From Moon & Spences original work
onglare[1945],we know thatany high contrasboundarywill scat-
ter at least4% of its enegy on theretinato the darler side of the
boundary obscuringthe visibility of the edgeanddetailswithin a
few degreesof it (Figure2). If thecontrasof anedgeis 25: 1, then
detailson the darlker sidewill be competingwith anequalamount
of light scatteredrom thebrighterside,reducingvisible contrasby
afactorof 2 in thedarkerregion. Whentheedgecontrastreaches
valueof 150: 1, thevisible contraston thedarksideis reducecby
afactorof 12, renderingdetailsindistinctor invisible.

However, we cannotclaim high contrastcontenthasno effect—
clearlyit does. An obserer will noticewhenoneregion is much
brighterthan another both by the challengeit createsin viewing
the boundaryandby the accommodatiothat goeson whenshift-
ing from sideto side. Whenthe thresholdis very large, obserers
may even experiencediscomfortasthey attemptto seedetail near
a bright source,asary driver knows from their nighttime travels.
A photographigrint of oncomingheadlightss merelyanallusion
to thereal experience- it cannotduplicatethe visceralexperience
of glare,or reproducethe effect it hason a humanobserer. It is
exactly this kind of experiencethatan HDR display canuniquely
reproduce.

The HDR display technologydescribedn this paperonly ex-
ploitstheinability of humango seedetailin theimmediatevicinity
of a high-contrastboundary;it makes no assumptionsboutour
overall responseo varying brightnesses.Relative (and even ab-
solute)brightnessesre maintained,andedgeswill be reproduced
exactlywhenthey arebelay themaximumcontrasof thefront dis-
play—about400: 1 in ourcurrentprototype.Only whenthisrange
is exceededs some delity lost nearhigh contrastooundariesbut
this effectis well belov the detectableéhreshold andhasnot been
visible in ary of our experimentdSeetzeretal. 2003].

3.2 Just Noticeab le Difference Steps vs. Contrast
and Bit Depth

A key questiorto askin designingary displaysystermis: how mary
distinctinput/outputievelsarenecessaryo coverthedesiredrange
without bandingor similar quantizatiorartifacts?For cornventional
displays,this questionis often answeredby consideringa single
viewer adaptatiorievel andthenumberof bitsrequiredto represent
suitablestepson a particulargammacurve. This may be adequate
if the dynamicrangebeing considereds small, but fails whena

displayis capableof levels much brighter and much darker than
ambient.

To answerthis questionin the contet of a HDR displays,we
turnto psychoplgsicalresearchn the areaof JustNoticeableDif-
ferences A JNDis the smallestdetectablduminancedifferenceat
a given luminancelevel. Visual psychologistshave establishech
completetheoryfor calculatingJNDsover theluminancerangerel-
evantfor our HDR displays[Barten1992;Barten1993],which al-
lows usto establisithe usefulluminancelevel of the HDR display
Adding a JND to a particularluminancelevel effectively de nes
thenext usefulstepon the luminancescaleof thedisplaysinceit is
clearlyredundanto provide addressableiminanceevelsbetween
thosetwo levelsif theeye cannotperceve ary difference.
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Figure 3: The numberof just noticeabledifference(JND) steps
for different maximum intensities accordingto the model by
Barten[1992,1993].

Basedon Bartens original work, ananalyticalformulafor JNDs
was derived for a DICOM standard2001] (seeFigure 3). This
modelpredicts962 JND stepsin the luminancerangeof the pro-
jection basedHDR display describedn Section4 and1139JND
in theluminancerangeof the LED basedHDR display(Section5).
Our goalthereforeis to reproduceat leastthis mary stepson each
displayfrom thedarkestto brightestoutputlevel, andin bothcases
our stepsizesaremaintainedwvell belov a IND throughoutthe lu-
minancerange.In thefollowing sectionswve will usethe notion of
JNDsinsteadof contrastandbit depthto characterizehe perfor
manceof theHDR systemsbut continueto usethesemorefamiliar
termsfor theindividual component§LCD andprojector)thatmake
upthe HDR display

RecentlyMuka andReiker [2002] have arguedthat,for corven-
tional displayswith a typical dynamicrangeof 300 : 1 or so, an
8-bit representatiomf imagesis sufcient for medicaldiagnosis.
They arguethatthe differencebetweeran 8-bit digital displayand
a 10-bitor higherbit depthis minimal, andperhapshot noticeable
atall. However, asthe rangeof displayablduminancesdncreases,
sodoesthenumberof JND stepsequirecto coverthatrange which
is re ectedin thenumbergresentedbove.

4 System 1: Projector -based Display

As outlinedin the introduction,the rst HDR display systemwe
built modulatesthe image from a projector with a transmissie
LCD. This systemis detailedin thefollowing.
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4.1 Hardware Setup

In acorventionalLCD, two polarizersandaliquid crystalareused
to modulatethe light comingfrom a uniform backlight,typically a
uorescenttubeassembly Thelight is polarizedby the rst polar
izer andtransmittecthroughthe liquid crystalwherethe polariza-
tion of thelight is rotatedin accordancevith the control voltages
appliedto eachpixel of liquid crystal. Finally, the light exits the
LCD by transmissiorthroughthe secondpolarizer Theluminance
level of thelight emittedat eachpixel is controlledby the polariza-
tion stateof theliquid crystal.lt isimportantto pointoutthatLCDs
cannotcompletelypreventlight transmission even at the darkest
stateof apixel, light is emittedandassuchthe dynamicrangeof an
LCD is de ned by theratio betweerthelight emittedat the bright-
eststateandthe light emittedin the darkeststate. For a high end
LCD, thisratiois usuallyaround300 : 1, with monochromatispe-
cialty LCDs (e.g. thosefor medicalimaging)goingupto 700 : 1.
Theluminancerangeof the displaycaneasilybe adjustedby con-
trolling the brightnesof the backlight,but thedynamicrangeratio
will remainthe limiting factor In orderto maintaina reasonable
“black’ level of aboutlcd=m?, the LCD is thuslimited to a maxi-
mum brightnesof about300cd=m?.

The basicmodi cation introducedby the HDR technologyin-
volvesinsertingasecondight modulatorandincreasinghebright-
nesf thebacklight. Thesewo modulatorsn seriegprovide anex-
tremelydarkstatewith averylow light emissionwhichthenmales
it possibleto increasehe brightnesf the backlightdramatically
withoutlosingthe "black’ state.Optically, this seriesof modulators
resultsin multiplicationof theindividual dynamicranges.

For the projectorbasedHDR displaypresentedh this paperthe
backlightandthe rst modulatorare combinedinto a single DLP
using a Digital Mirror Device with a dynamicrangeof 800 : 1.
Thethreecentralcomponent®f the HDR displayarethenthepro-
jector, the LCD andthe opticsthat couplethe two. Usingthese
componentsgachimageonthe HDR displayis theresultof modu-
latedlight comingfrom theprojectorwhichis directedontotherear
of thetransmissie LCD by the opticssystemmodulatech second
time by theLCD, andproperlydiffusedfor viewing.

The projector usedin the HDR display is an OptomaDLP
EzPro73®igital mirror projector To reduceunnecessarjght loss,
we have removed the color wheelfrom the projector resultingin
amonochromalisplay systemwith a threefoldincreasean bright-
nessdueto theabsencef thecolor lters. New controlelectronics
have beenintegratedinto the commerciallyavailable projectorto
re-synchronizét in absencef this colorwheel.

TheLCD panelis a15” XGA color LCD madeby Sharp(Sharp
LQ150X1DGO0). It is driven by an EarthMsion AD2 LCD con-
troller, which allows adirectVGA connectionTheLCD panelhas
beenseparatedrom the corventionalbacklightandall of the opti-
cal layersbehindthe displayhave beenremovedto createa trans-
missive imagemodulator

The optics usedin the HDR display include the corventional
projectionlens of the EzProprojector anda Fresnellensdirectly
behindthe LCD displayto collimatethe projectedight into a nar
row viewing anglefor maximumbrightnes®f theHDR displayand
to avoid color distortiondueto diverging light passinghroughthe
color lters of theLCD. Finally, a standard_CD diffuserhasbeen
usedto redistritute the collimatedlight into a reasonableiewing
angle.

All three componentshave beeninstalledin a single housing
with appropriatealignmentmechanismdo createa close match-
ing of the DLP andLCD pixels. The alignmentcanbe ne-tuned
through the controls of the DLP projector However, a perfect
matchis impracticalasalignmentat the sub-pixel level is hardto
achieve andalmostimpossibleto maintain.To avoid moiré patterns
andalignmentartifactsassociateavith evenaminor misalignment,
we have deliberatelyblurredthe projectorimageand compensate

for thatblur in the LCD imageasdescribedn the following sec-
tion.

Fresnel Lens and Diffuser CD

Projector

N
il

“~_ LcD

Controller

Dual-VGA Graphics
Card in PC 5

Figure4: Top: schematioof the HDR display including the pro-
jector, LCD andoptics. Bottom: actualphotographof the display
Both projectorandLCD aredrivenby a singledual-VGA graphics
card.

Using this con guration, the light output of eachpixel of the
HDR displayis effectively the resultof two modulations, rst by
the DLP andthenby the LCD pixel, alongthe sameoptical path.
The upperboundaryof the dynamicrangeresultsfrom full trans-
missionof both pixels (i.e. the 255" level on both modulators),
andthe lowestboundaryfrom the lowestpossibletransmissiorof
both modulatorgi.e. the 0" level on both modulators).Sincethe
DLP hasadynamicrangeof 800 : 1 andthe LCD adynamicrange
of 300 : 1, the theoreticaldynamicrangeof the HDR displayis
240;000: 1. Imperfectionsn the optical pathintroducenoisethat
reduceshe dynamicrangeto a measured4; 000 : 1. Thelumi-
nancevaluesmatchingtheseboundariesarea resultof the bright-
nessof the projectorandthetransmissiorof the LCD. In this case,
the OptomaEzPro737is ratedat 1200 Lumens,or approximately
2400 Lumensoncethe RGB color lIters areremoved (sinceeach

Iter for red, greenandblue eliminatesapproximately2=3 of the
incominglight). The SharpLCD panelhasa measuredransmis-
sionof approximately7.6%in thewhite state(this is quite high for
anLCD sinceeventhetheoreticaimaximumfor a color LCD with-
outary lossess only 16%dueto thelight reductionof 50%at the
polarizerandanother66% dueto the RGB color lter). Assuming
thatthe light emittedby the HDR displayis diffusedacrossa solid
angle! , themaximumluminanceis thengivenby:

max

Al

whereA is theareaof theLCD and max is the maximumoutgo-
ing ux. IntheHDR displayprototype,the ux is approximately
182 Lumens(2400Lumens 7:6%). TheareaA is theareaof the

Lmax -
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15" LCD (697cm?) andthe solid angleof diffusion! is approx-
imately 0:66sr (40 diffusion horizontally 15 vertically). The
maximum luminancefor this particularcon guration is then ap-
proximately3; 956cd=m?. We actually measuredx luminanceof

2; 700cd=m? Lumens.Thetheoreticaminimumluminanceis less
than 0:01cd=m?, while our measurementsesultedin a value of

0:05cd=n?. Clearly, a shift of this rangetoward even higherlumi-

nancevalueswould be possiblewith a brighterprojectoror amore
transmissie LCD. Unlike a standardow dynamicrangedisplay

even an order of magnitudeincreaseof the maximumluminance
would not signi cantly reducethe quality of the "black’ statesince
1cd=n? is still avery satisfying black', especiallyif otherpartsof

theimagecontainvery high luminancevalues.

Within that luminancerange, a very large numberof differ-
entcombinationsof outputsettingsfor the DLP andLCD canbe
achieved. If both systemswere linear 8-bit devicesthenthe total
numberof combinationsvould be 2567, over 17,0000f which are
distinct. Due to the non-lineargammaof eachsystem the actual
rangeof distinctaddressablstepss different,but still signi cantly
largerthanwhatis neededo displaythe 962 JND stepsnecessary
to provide all visible and distinguishablduminancestepsin the
measureduminancerangeof the system(including all losses)of
0:05cd=n? to 2; 700cd=m?.

4.2 Driving the Projector Display

To correctlyrendetHDR imageonthis display we needo analyze
the imageformation procesf the system.Let us assumeor the

momentthat both the projectorandthe LCD panelare perfectly
linear, andthat both have the samedynamicrange. For now, let

us also ngglect the blurring of the projectorimage. Underthese
assumptionsye canachiere thetargetintensityby normalizingthe
intensityrangeof the HDR imageto 0: :: 1, andusingthe square
root of this normalizedntensityto drive boththe projectorandthe
LCD panel. This even split betweenpixel valueson the projector
andthe LCD panelis preferableto a scenariovhereonevalueis

very large andthe otheris very small, sincequantizationartifacts
arerelatively largerfor smallvalues.

In reality, neitherthe projectornor the LCD have a linear re-
sponseandwe alsoneedto compensatéor theblurring of thepro-
jectorimage.We do this in thefollowing way: we choosea simple
estimateof what the projectorintensity shouldbe, andthensimu-
late the effect of responsdunctionandblurring. Finally, the pixel
valuesof the LCD panelarechosernsuchthatthey compensatéor
theseeffects.

projector

Figure5: Renderingalgorithmfor the projectorbasedlisplay

The completerenderingalgorithm then works as follows (also
seeFigure5): we take the squareroot of the original HDR image
with integsityl (1). Theresultingimage(2) representshe tamget
intensity | for theprojector We maptheseantensitiesnto projec-
tor pixel valuesby applyingthe inverseof the projectors response
functiorﬁl 3). Tﬁ]e projectornow producesanimageof intensity
ri(ry *C 1)) = T, exceptthattheimageis actuallyblurredac-
cordingto p1, the projectors pointspreadunction (PSF).To simu-
latethisblurring, we corvolve theprojectorintensitieswith thePSF
(4) anddivide theresultoutfrom theoriginal HDR imageto getthe

targetLCD transpareng(5). For the nal pixel valuesof theLCD,
we applytheinverseof the panels responsdunctionr (6).

An exposuresequencef the PSFp; is depictedin Figure 6.
Notetheverticallinesvisiblein imageswith largerexposureimes.
Thesearethe RGB subpixels of the LCD panel. In orderto speed
up the computationwe do not usethe measured®SFdirectly, but
t atensofrproductGaussiano p;. We usuallysetthefocusof the
projectorsuchthatthe tted Gaussiarhasa standarddeviation of
about2-3.5pixels,sothatwe canusea 2D separabldter of width
13for thecorvolution.

Figure6: Pointspreadunctionof the projector

Theseimage processingstepsare possibleboth completelyin
softwareandusingrecentprogrammablgraphicshardware(graph-
icsprocessinginit, GPU).Theconvolutionis themostdif cult part
of the GPUimplementationput with the separablepproximation
it canbe readilyimplementedasa pixel shaderon both the latest
ATl andNVIDIA chips.With thisapproactwe achieve framerates
of 30 framespersecondor moreon currenthardware.
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Figure7: Responsdunction of boththe LCD panelandthe DLP
projectorin the projectorbasedlisplay

Figure 8 shavs the resultsof this imagefactorizationon a por
tion of Debevec's StanfordMemorial ChurchHDR photographOn
theleft side,you canseea grayscalémagethatcorrespondso the
squareroot of the original intensity values. Corvolving that im-
agewith the PSFof the projectoryields the centerimage. This
is the predictedimagethatwill be producedby the projector Fi-
nally, the right imageis the color LCD panelimagethat corrects
for the blurrinessof the projector It is interestingto notethatthe
LCD panelimageis essentiallyan edge-enhanceidhagewith low
frequeny componentattenuatedr remaoved. This is particularly
noticeablefor the widths of the window frames. Interestingly the
algorithmthatwe apply hereis very similar in principleto alocal
tonemappingoperator This meansthatour LCD panelimageis
almostatonemappedversionof theoriginal HDR image,although
our methodis clearly notdesignedor thatpurpose.

4.3 Discussion of the Projector Display

The projector basedHDR display hardware provides a tool to
presentigh quality HDR imagesbhut hasseveraldravbacks.In ad-



To appearin the ACM SIGGRAPH:onfeenceproceedings

Figure 8: Factoringan HDR photographfor our projectorbased
display Left: squareroot of the intensity Center:blurredimage
whichis predictedo betheimagegeneratedby the de-focusegbro-
jector. Right: edgeenhanced.CD panelimagethatcorrectdor the
blurrinessof the projectorimage.

dition to the obvious form factorproblemdueto the opticallength
requiredby the projector the power consumption,cost, thermal
managemerdandvideobandwidthrequirementsrehighcompared
to a conventionaldisplay

High power consumptiorandthe resultingthermalmanagement
requirement@&rea consequencef the imagecreationmechanism
insidetheprojector Unlike acathodeaytube(CRT) display where
light is creatednly in theregionsof theimagethataresupposedo
be bright,anLCD or DLP projectorcreatesa uniform light distri-
bution thatis thenmodulatedby the LCD or DLP mirror chip. The
power consumptiorof an LCD or DLP projectoris thusindepen-
dentof the imageandalwaysvery high astherehasto be enough
light producedby the lamp suchthata full screen'white' canbe
shavn. Combinedwith the low modulationef ciency of the LCD
or DLP this causeghe high pawer consumption.In the HDR dis-
play thesituationis worsethanin a corventional,single-modulator
display Thelampof theprojectorhasto emitenougHight to allow
afull screenmageat the highestpossiblebrightnessof the HDR
display To achieve 10;000cd=m? ona 15" screenwe would need
anoutgoing ux of approximately500 Lumens(seeSection4.1).
Evenwith avery high transmissio.CD thisrequiresatleast5000
Lumensto be emittedfrom the projector In the prototypepre-
sentedn Section4.1the color wheel/ Iter of the projectorhasal-
readybeenremovedto reducethelossesn theprojectorbut evenso
themodulationef ciency of the projectoris slightly lessthan50%.
Thelampthushasto producen the orderof 10; 000 Lumens.Yet,
in almostall HDR imagesthe areathatis actually at sucha high
brightnesof 10; 000cd=m? is very small. In fact,arandomselec-
tion of 100 HDR imagesindicatedthat averageHDR imageshave
lessthan 10% of the image contentin the high luminancerange
(above 3000cd=m?) andthat the averageluminanceover all im-
ageswaslessthanSOOcdzm2 for indoor scenesand2; 100cd=m?
for outdoorscenes.The projectorHDR display consequentlyre-
atesa factorof betweenl2.5and4.75too muchlight at ary given
time.

The projectoris alsothe causeof the high bandwidthrequire-
ments. Eventhoughthe imageprojectedby the projectorontothe
backof the LCD is blurred,the projectoritself is still a high res-
olution displaywhich requireshigh resolutioninput data. As are-
sult, theprojectorbasedHDR displayneedsa highresolutionvideo
streamgoingto the LCD anda similar sizevideostreanto thepro-
jector. Thiscreatesrequiremenfor adualoutputgraphiccardand
imposedimits to theframerateof the displaydueto the computa-
tional requirements.

Finally, thecostof a high brightnesgprojectoris very highwhich
malesthis versionof the HDR displayunsatisfctoryfor commer
cial purposes. Costalso presentsa barrierto larger screensizes
asthe brightnesgequirementsncreasdinearly with area,andthe
costcurve for projectorsis very steepwith brightnesgwhile the
stepfrom 2; 000 Lumensneededor a 15” displayto a 4; 000 Lu-
mensprojectorfor a20” displayis only twice ashigh, thenext step

from 20" to 40" TV sizewould requirea 15; 000 Lumensprojector
atapricethatis over 20 timeshigherthanthatof a 4; 000 Lumens
projector).

Yet, for researclapplicationsthedisplayis a valuabletool. The
high costis in partdueto the useof fully nished consumeiprod-
uctsinsteadof individual componentshut this alsomalesit possi-
ble to assembl¢he systemwithout signi cant developmentof cus-
tom electronics.Sincethe dravbacksmentionedabore in no way
diminishtheactualimagequality, theprojectorbasedHDR display
providesresearcherwith arelatively simpleto build solutionwith
very highimagequality.

5 System 2: LED-based Display

As seenin the discussionof the projectorbasedHDR displayin
Section4.3therearesigni cant obstaclego overcome.

To realizethe dreamof television or computerdisplayspresent-
ing imagesthatlook indistinguishabldrom therealworld, it is not
sufcient to merely shov imageswith the appropriatduminance
rangeandresolution;it is alsonecessaryo make a commercially
viable systemthat achiezesthesehigherquality imageswithin to-
day's hardwareandsoftwareinfrastructureandmarket pricepoints.
The versionof the HDR display describedn this sectionretains
the high imagequality of the projectordisplayandovercomegshe
commercializatiorbarriers: power, thermal,cost,form factorand
infrastructuredemand®n thegraphicscard.

5.1 Hardware Setup

We have alreadyseenin Section4.1 that software correctioncan
compensatéor a low resolutionof the rearimageof the HDR dis-
play. It isimportantto realizethatthis correctionworksperfectly as
long asthelocalimagecontrasidoesnot exceedthe dynamicrange
of the front modulator From the psychologytheory presentedn
Section3 we canestablisithelargestsizeof arearimagepixel. For
this versionof the HDR displaywe have usedlight emittingdiodes
(LED) atthelargestpossiblesizeallowedby theveiling luminance
effect which hasbeenvalidatedpreviously throughexperimental
tests[Seetzeretal. 2003].

A prototypehasbeenbuild usingl2mm Lumiled Luxeonl Watt
white LEDs (LXHL- PWO1) on a hexagonalclose-packingnatrix
whereeachLED is individually controlledover its entiredynamic
rangewith 1024 addressablsteps.760 LEDs have beenmounted
behindan 18.1" L.G. Philips LCD with a 500 : 1 dynamicrange
and1280 1024resolution.On full screerwhite/blackthe max-
imum luminanceis measureds 8; 500cd=m? and the minimum
luminanceis zero, sinceall LEDs are off. The minimum lumi-
nancsds lessthan0:03cd=m? onacheclerboardpatterrlargerthan
20mm. As mentionedin Section3.2, the Bartenmodel [Barten
1992; Barten1993] predicts1139JINDsfor this luminancerange.
Thesystemis capableof displayingimagesatvideorates.

5.2 Driving the LED Display

The principal renderingalgorithm for the LED-basedsystemis
quite similar to that for the projectorbaseddisplay as shavn in
Figure9. The primary differencebetweerthetwo displaysystems
from arenderingoerspectie is thatthe PSFof anLED hasamuch
wider supportthan the one for a pixel of the projector Also of
importanceis the factthatthe LEDs arearrangedon a hexagonal
grid ratherthanarectangulagrid. Thesadifferenceshave two con-
sequenceskFirstly, becauseof the wider supportof the PSE it is
advisableto comeup with a betterway to choosethe LED val-
ues.Sincethe supportof the PSFsfor neighboringLEDs overlap,
determiningthe optimal LED valueis essentiallya de-comwolution
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problem,asexplainedbelon. Secondlybecausef boththehexag-
onal geometryand wider supportof the PSF the corvolution (4)
hasto beimplementedlifferently

Figure9: Renderingalgorithmfor the LED-basedlisplay

We addresshe rst issueby addingan additionalstage(2a) to
derivethetargetintensitied | for everyindividual LED. Tothisend
we rst down-sampleheimageto theresolutionof the LED array
andthensolve for the values,taking the overlap of the PSFsinto
account.Thisis essentiallyade-cowolution problem thefull solu-
tion of whichwould requiresolvingasparsdinearequatiorsystem
with asmary unknavnsasthereareLEDs. Thisis notanoptionfor
interactive applicationsandfurthermorede-cowolutionalgorithms
areknown to be numericallyunstable.We canapproximatea so-
lution with a single Gauss-Seideteration over neighboringLED
pixels. This amountsto a local weightedaverageof neighboring
LED tamgetvalues,wheresomeof the weightsarenegative. In our
designtheseLED values(2a)canbeforwardeddirectly to thecon-
troller electronicswhich correctfor nonlinearitiesin the LED re-
sponseén hardware.

As before,we rely onthe LCD panelto compensatéor ary dif-
ferencedetweerthe LED valuesandthetargetimage.To thisend,
we needto forward-simulatethe low-frequeny image (4) gener
atedby the LED panelin orderto derive the LCD pixel values.
We usetwo differentapproachefor softwareandhardwareimple-
mentations.With GPUs,we usea splattingapproachandsimply
draw screeralignedquadrilateralsvith texturesof the PSFinto the
frameluffer. Alpha blendingis usedto accumulatehe results. In
software,we approximatehe measuredSFwith a Gaussianand
implementthereconstructiotby convolving alow resolutionimage
with theapproximate®SFE, andthenup-samplingo thefull resolu-
tion.
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Figure10: Responséunctionof the LCD panelin the LED-based
display Theresponsef the individual LEDs (not showvn here)is
designedo belinear.

Figure 11 shaws the factorizationof an HDR imageinto LED
componenind LCD panelcomponent.Due to the wider support

of thePSFof the LEDs comparedo the PSFof a projectorpixel in
the rst setup,the LED imageis even morelow-passltered than
before.As aresult,the compensatioperformedn the LCD panel
is moresigni cant, andis visible in therightimage.

Figurell: Factorizationof anHDR photograpHor the LED-based
display Left: LED contribution asaresultof cornvolving LED val-

ueswith the LED point spreadfunction. Right: edgeenhanced
LCD panelimagethatcorrectdor theblurrinessof theLED image.

5.3 Discussion of the LED Display

The useof LEDs overcomeshe power consumptiorandthermal
problemasaresultof intelligentlight production,andit eliminates
othercommercializatiorbarriersoutlinedin Sectiond.3. Formfac-
tor is no longeranissueasthe LED matrix canbe the samethick-

nessas a conventional LCD backlight. The video bandwidthre-

quirementsaredramaticallyreduceddueto the lower resolutionof

the LED matrix. As aresult,only a few hundred8-bit valuesare
neededover a standardmage,andtheseare addedto the front of

the DVI video streamgoing to the LCD and strippedoff by the
controllerhardwareinside the display Costremainsan issuebut

signi cantly lesssothanwith the projectorsystem.

Oneslight disadwantageis that the renderingalgorithmfor the
LED-basedlisplayis computationallymoredemandinghantheal-
gorithmfor the projectorbasedlisplaydueto thelarger supportof
thePSFE OnaGeForceFX we currentlyachieze about10fps. for a
fullscreenmagefactorizatiorinto LCD andLED componentsThe
renderingtime is mostly limited by having to work aroundlimita-
tionsin the supportof oating point framehuffers andtextureson
currentGPUs. The next generatiorof GPUswill supporta more
completesetof operationsjncluding blendingandbi-linearinter
polation,which shouldimprove the performanceof our algorithm
by afactorof 3-4.

6 Applications

We have developedfour simpleapplicationgo testour displaytech-
nology andto demonstratéts potentialin a numberof application
domains.The rst oneis a simpleHDR imageviewer thatworks
with bothdisplays(Figure12,topleft). It allowstheuserto loadan

HDR imageandshaw it while interactively adjustingthe exposure
settings(i.e. the absolutescaleof intensity). This applicationwas
alsousedto generatghe imagesin Figurel. Thethreeimagesto

theright of that gure show a color-codedcomparisorof an origi-

nalradiancemap,anHDR photographakenoff our projectorbased
display and nally aphotograpttakenoff a standard_CD screen.
Theintensitiesof the photograpHrom the HDR displayaresimilar
but not identical to the valuesin the original radiancemap. The
differencesare mostly dueto imperfectionsin boththe calibration
of the displayto absoluteintensities,andin the imageacquisition
process.Clearly both intensity and dynamicrangeof our display
arevastly superiorto the standardnonitor.
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Figure12: Screerphotograph®f the differentapplicationswe implemented.The exposuretimesof the two imagesin eachpair differ by
4 stops.Top left: HDR imageviewer. Top right: interactve renderingof measuredRDFs. Bottom left: volumerendering.Bottomright:

medicalimageviewer.

The secondapplicationwe developedis relatedto interactive
photorealisticrendering. We modi ed a DirectX applicationfor
displaying BRDFs measuredvith linear light sourcere ectome-
try [Gardneret al. 2003], andreplacedts tone mappingstepwith
therenderingalgorithmfor ourdisplay(Figure12,topright). Other
interactize applicationsthat canrenderinto oating point buffers
can easily be modi ed in a similar fashion. As pointed out in
Section5.2, therenderingperformanceon currentGPUsis limited
dueto missingfeaturessuchasalphablendingwith oating point
framehuffers and lack of bi-linear interpolationfor oating point
textures. Theseissuesshouldberesohedin upcominggenerations
of GPUs.

Basedon asimilar principle,we have built a simplevolumeray-
casterthat runson a GPU (Figure 12, bottom left). It allows for
operationssuchasrotation,slicing, andadjustmentso thetransfer
function. Both the actualvolumerenderingalgorithmandthe pro-
cessindor ourdisplaysis implementedn asingleCg shadefMark
etal. 2003].

Finally, a simplemedicalimagingviewer andbrowvserhasbeen
implementedo allow radiologistto view medicalimagesin high
dynamicrange(Figure12, bottomright).

7 Conclusions and Future Work

In this paperwe have presentedwo designsfor HDR displays,
one basedon a projectorsetupand one basedon an LED array
The two displayswe developedhave dynamicrangesof well be-
yond 50;000 : 1, anda maximumintensity of 2700cd=m? and
8500cd=m?, respectiely. We have describedboth hardware and
software aspectsof thesedisplay systems,and have describeda
numberof applicationdor this kind of technology
Thereareplenty of opportunitiesfor future work. On the hard-
ware side, the image quality of the LED-basedHDR display can
be further enhancedy replacingeachwhite LED with a triplet
of red, greenandblue LEDs or a larger numberof coloredLEDs
if more primariesare desired(e.g. red, blue, blue-greenyellow-
green). Color LEDs have very sharplyde ned spectralemission
patternasopposedo the broadbandemissionof uorescenttubes

usedin conventionalLCD backlights. This creategpure primaries
andallows for a signi cant increasen the displaycolor gamut. A

cornventionalLCD achievesapproximately66% of the NTSC color
gamutwhile a tri-color LED basedsystemcanachieze 98% with

additional red and blue outsidethe NTSC gamut [Ohtsuki et al.

2002].

Theactively controlledmatrix of LEDs canalsobe usedto very
easilyimplementbacklighting schemegproposedby the industry
suchas ashing the backlightin segmentin syncwith the LCD re-
freshto reducemotion blur artifacts[Fisekovic et al. 2001]. Like-
wise, the LED arraysimpli es problemsof globalluminancenon-
uniformity found in corventional displaysresultingfrom a non-
uniformlight outputof the uorescenttubebacklight,lifetime prob-
lemsdueto backlightfailure,andmary otherlimitations of a con-
ventionalLCD backlight.

At this pointthecalculationof therearandfrontimagelayerare
executedby the graphicscardbut standardizedalculationsof this
kind can easily be doneby dedicatechardware inside the display
assoonasstandard$or oating pointvideosignals(suchasexten-
sionsto the DVI standardecomeavailable. This will reducethe
load on the graphiccard, allow softwareto directly send oating
pointdatato thedisplay andhave thedisplayhandlethe necessary
computationgor blur correction.

In additionto thesedirectionsfor further developingthe hard-
ware, thereare a numberof potentialapplicationsof this display
technologyin computergraphics,visualization,human-computer
interaction,and perceptionresearch.Commercialapplicationsin-
cludeproo ng for the Im andspecialeffectsindustries sincethe
dynamicrangeof Im signi cantly exceedswhatcancurrentlybe
shavn on standarddisplays,andeventuallyevenhometheater For
volume renderingin particular the higher dynamicrangemight
openup possibilitiesfor completelynew renderingalgorithms.We
alsoplanto explorenew interactionmetaphorssuchasuseof HDR
imagingin userinterfaces. The extra brightnessshouldbe useful
for directingthe users attentionto importantevents. Finally, an
interestingresearchdirectionis to expandthe work on humanper
ceptionresearchn orderto challengeandexpandon assumptions
thathave beenmadein thecontext of traditionaldisplaytechnology
Otherresearcherbave alreadyusedour displayto run perceptual
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comparison®f tonemappingoperators.
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