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Figure1: From left to right: our projector-baseddisplayshowing an HDR image;our LED-basedHDR displayshowing a discreteanda
smoothintensityramp(thetophalf of thediscreterampandthebottomhalf of thesmoothramphaveeachbeencoveredby a1%transparent
�lter to illustratehigh luminancecontenton theleft sideof theimage,whichcannotbecapturedby thecamera);acolor-codedoriginalHDR
image;HDR photographtakenoff thescreenof our projector-basedsystem;HDR photographtakenoff a conventionalmonitordisplaying
thetone-mappedimage.

Abstract

The dynamicrangeof many real-world environmentsexceedsthe
capabilitiesof currentdisplaytechnologyby severalordersof mag-
nitude.In this paperwe discussthedesignof two differentdisplay
systemsthatarecapableof displayingimageswith adynamicrange
muchmoresimilar to thatencounteredin therealworld. The �rst
display systemis basedon a combinationof an LCD paneland
a DLP projector, andcanbe built from off-the-shelfcomponents.
While this designis feasiblein a lab setting, the seconddisplay
system,which relieson a custom-built LED panelinsteadof the
projector, is moresuitablefor usualof�ce workspacesandcommer-
cial applications.Wedescribethedesignof bothsystemsaswell as
thesoftwareissuesthatarise. We alsodiscusstheadvantagesand
disadvantagesof thetwo designsandpotentialapplicationsfor both
systems.

Keywords: Hardware– Novel DisplayTechnologies;Rendering
– PerceptuallyBasedRendering;Imageand Video Processing–
ImageProcessing;MethodsandApplication – SignalProcessing;
Hardware– Framebuffer Algorithms.

CR Categories: B.4.2[INPUT/OUTPUTAND DATA COMMU-
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PUTER GRAPHICS]: Picture/ImageGeneration—Displayalgo-
rithms; I.3.4 [COMPUTER GRAPHICS]: Graphics Utilities—
Device drivers; I.4.0 [IMA GE PROCESSINGAND COMPUTER
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1 Intr oduction

In the pastfew years,the limited dynamicrangeof both imaging
devicesanddisplayshasreceiveda lot of attentionin thecomputer
graphicscommunity. Algorithmshave beendevelopedfor captur-
ing both photographs[Mann andPicard1994; Debevec andMa-
lik 1997; Robertsonet al. 1999; Mitsunaga andNayar1999] and
videos[Kangetal. 2003]with extendeddynamicrange.

Simultaneously, tonemappingoperatorshave alsobeendevel-
opedfor compressingthedynamicrangesothattheimagescanbe
displayedon the familiar 8 bit/channeldisplayswith typical con-
trastratiosof about300 : 1, including any conventionalCathode
Ray Tube(CRT), Liquid Crystal (LCD), andprojector-baseddis-
play. While thesetonemappingoperators(e.g.[Schlick1994;Lar-
sonetal. 1997;TumblinandTurk 1999;DurandandDorsey 2002]
amongothers)allow for displayinghigh-dynamic-range(HDR) im-
agesin a recognizableandevenaestheticallypleasingway, nobody
would confusea photographrenderedin this fashionwith, say,
watchingthe samescenethrougha window. The dynamicrange
of conventionaldisplaysis simply insuf�cient to createtheoptical
sensationof watchinga realsunsetor driving a car into oncoming
traf�c at night. Note that this is not just an issueof top intensity:
simply increasingthe brightnessof a conventionaldisplaywould
washout thedarktonesandturn theminto amediumgray. Whatis
neededis a signi�cant expansionof thecontrastor dynamicrange
of thedisplay.

In this paperwe describetwo alternative designsfor HDR dis-
play systems.We have built prototypesof both, anddiscussboth
theopticaldesign,andrelatedsoftwareissuessuchasdisplaycali-
brationandtherenderingof HDR imagesonbothdisplays.

Bothdisplaysystemsarebasedonthefundamentalideaof using
anLCD panelasanoptical �lter of programmabletransparency to
modulatea high intensitybut low resolutionimagefrom a second
display. For example,assumewe have any displaywith a contrast
rangeof c1 : 1 betweenthedarkestandthebrightestintensitypro-
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ducibleby thatdisplay. If wenow putanLCD panelwith acontrast
ratioof c2 : 1 in front of the�rst one,thenthe(theoretical)contrast
of thecombinedsystemis (c1 � c2) : 1. In practice,the�rst display
needsto be able to producea very high intensity image,because
color LCD panelsonly have a transparency of about3-8%, even
whenswitchedto `white', sothatmostenergy is actuallyabsorbed.
Anotherreasonfor usinga displaywith a very high baseintensity
is thata lot of theHDR imageswewould like to show have,in fact,
verybright regionsin them.

Basedon this principle,we have derivedtwo alternative designs
for HDR displays.In the�rst design(Section4), a videoprojector
basedon Digital Light Projector(DLP) technologyserves as the
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 thehigh top intensitiesthatweare
aiming for. While this designworks well in a laboratorysetting,
it hasseveral drawbacksthat restrict its usefor a wider classof
applications.In particular, thesearea largeform factor, signi�cant
power consumptionand heatdevelopment,as well as calibration
issues.

To overcometheseissues,wehavedevisedaseconddesign(Sec-
tion 5), in which the projector is replacedwith a low-resolution
arrayof ultra-brightLEDs. Theintensityof everyLED canbepro-
grammedindividually, yielding a low resolutionversionof thede-
siredimage. High frequency featuresareintroducedby attaching
a high-resolutionLCD panelto the front of this LED array, and
adjustingits transparency accordingly. This designmakesuseof
resultsfrom psychophysics,whichshow thatveryhighcontrast,al-
thoughimportantonaglobalscale,cannotbeperceivedby humans
athighspatialfrequencies(seeSection3).

The two displayswe developedhave dynamicrangeswell be-
yond 50; 000 : 1, and a maximumintensity of 2700cd=m2 and
8500cd=m2 , respectively. This comparesto a typical dynamic
range of about 300 : 1, and a maximum intensity of about
300cd=m2 for a typicaldesktopdisplay.

Thedesignof bothsystemsandtheirappropriaterenderingalgo-
rithms,aswell astheadvantagesanddisadvantagesaredetailedin
Sections4 and5. In Section6 we discusspossibleapplicationsfor
ourdisplaytechnologybeforeweconcludewith someremarksand
futureresearchdirectionsin Section7.

2 Related Work

Theclassof imageprocessingtechniquesfor copingwith thedis-
crepancy betweenreal world luminancesandthosethat �t within
the limited gamut of a conventionaloutput device is collectively
called tone-mapping. Tumblin andRushmeier[1993] introduced
this conceptto computergraphics,thoughtheir earlywork did not
addressdynamicrangelimitations per se. The �rst tone-mapping
operatorto tackledynamicrangereductionwasChiu et al. [1993],
who useda spatiallyvaryingexposurerampover theimage.How-
ever, this approachled to disturbing“reversegradients”typically
seenas halos around light sources. Later work by Larson et
al. [1997]returnedto aglobaloperatorfor dynamicrangereduction
basedon histogramadjustmentto avoid theseartifacts,with local
variationsto simulatedisability glaredueto high contrastbound-
ariesin a scene.Pattanaiket al. [1998] developedwhat somere-
searchersconsiderthe ultimate still imageoperatorbasedon the
humanvisual system,incorporatingcolor adaptation,local con-
trast, and dynamicrange. However, even this operatorexhibited
somereverse-gradienteffectsnearhigh contrastboundariesdueto
its local spatial�lters, leadingotherresearchersto take a different
approach.

Thebasicchallengefor a spatiallyvaryingtone-mappingopera-
tor is thatit needsto reducetheglobalcontrastof animagewithout

affectingthelocalcontrasttowhichthehumanvisualsystem(HVS)
is sensitive. To accomplishthis,anoperatormustsegmenttheHDR
image,eitherexplicitly or implicitly, into regionstheHVS doesnot
correlateduringdynamicrangereduction.The �rst researchersto
successfullyaccomplishthis in an automatictone-mappingwere
TumblinandTurk [1999]with theirLCIS operator. However, LCIS
sometimesproducesodd-looking images,which bear little rela-
tion or resemblanceto the original scenebrightnesses.More re-
centoperatorsby Ashikhmin[2002],Fattalet al. [2002],Reinhard
et al. [2002], Durand& Dorsey [2002], andChoudhury& Tum-
blin [2003],aremuchmoresuccessfulin separatingcontrastdiffer-
encesthatmatterto vision from thosethatdonot.

Regrettably, noneof thesetechniqueshasbeenvalidatedor sup-
portedby psychophysical research,sotheresultingimagesremain
astheonly evidencethatthesemethodshaveany realvalidity for re-
producingourexperienceof anHDR sceneonalow dynamicrange
device. Most of themethodscontainfreeparametersthatmustbe
setby theuserbasedonpreference.Usually, little canbesaidabout
thevisual impactthat theseparametershave on theimagein terms
of visibility, contrast,brightness,or humanvisualresponsein gen-
eral.

HDR displaysoffer two bene�ts in this area.The�rst, immedi-
atebene�t is to researchers,who until now have hadno meansfor
the controlleddisplay of dynamicHDR imageryin their studies.
Our HDR displaysarealreadyhelpingresearchersto testout their
hypothesesregardingtheeffectsof tone-mappingon HDR scenes.
The longertermbene�t will be felt whenHDR displayspenetrate
theprofessionalandeventuallytheconsumermarkets,reducingor
eliminatingtheneedfor tone-mapping.Althoughwe expecttone-
mappingto continueto be a requirementfor many typesof out-
put, suchashardcopy, theavailability of HDR displayswill likely
reducethe needfor dynamicrangecompressionfor many critical
applicationsin theyearsto come.

3 Remarks on Human Perception

Thehumanvisualsystemhastremendouscapabilitiesbut alsosome
limitations. Someof theselimitations are an integral part of the
theoryunderlyingtheHDR devicespresentedin this paperandthe
following sectionswill describethesein detail. In general,our eye
hasevolved to dealwith thevastdynamicrangeavailableto us in
our daily environment,rangingfrom starlight to sunlight over at
leastan eight orderof magnitudeluminancerange. To copewith
this range,theeye usesa complex adaptationsystem.For thepur-
poseof this paper, we usea simplemodelof adaptationwith two
timescales:thosemechanismsworkingat timescaleof theorderof
minutesandthosewith ashortertimescale.Theformerareof little
interestfrom thepoint of view of HDR displaydevelopment.The
latterareveryinterestingasthey aretheprimaryreasonwhy current
displayscannotproviderealisticrepresentationsof realworld HDR
scenes.Theeye cancaptureapproximately5 ordersof magnitude
of dynamicrangeeffectively simultaneously. No conventionaldis-
play technologycomescloseto this. Yet, thereare limitations to
thiscapabilityasdescribedbelow.

3.1 Local Contrast Perception

While we canseea vastdynamicrangeacrossa scene,we areun-
able to seemore thana small portion of it in small regions (cor-
respondingto small angles). Different researchersreport differ-
ent valuesfor the thresholdpastwhich we cannotmake out high
contrastboundaries,but mostagreethat themaximumperceivable
contrastis somewherearound150 : 1 [Vos1984]. Scenecontrast
boundariesabove this thresholdappearblurry and indistinct, and
the eye is unableto judgethe relative magnitudesof the adjacent
regions.
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Figure2: Thepoint spreadfunctionof thehumaneye accordingto
Moon&Spencer[1945].

This inherentlimitation canbeexplainedlocally by thescatter-
ing propertiesof the eye. From Moon & Spencer's original work
onglare[1945],weknow thatany highcontrastboundarywill scat-
ter at least4% of its energy on the retinato the darker sideof the
boundary, obscuringthevisibility of theedgeanddetailswithin a
few degreesof it (Figure2). If thecontrastof anedgeis 25 : 1, then
detailson thedarker sidewill becompetingwith anequalamount
of light scatteredfrom thebrighterside,reducingvisiblecontrastby
a factorof 2 in thedarker region. Whentheedgecontrastreachesa
valueof 150 : 1, thevisible contraston thedarksideis reducedby
a factorof 12,renderingdetailsindistinctor invisible.

However, we cannotclaim high contrastcontenthasno effect –
clearly it does. An observer will noticewhenoneregion is much
brighter thananother, both by the challengeit createsin viewing
theboundary, andby theaccommodationthatgoeson whenshift-
ing from sideto side. Whenthe thresholdis very large,observers
mayevenexperiencediscomfortasthey attemptto seedetail near
a bright source,asany driver knows from their nighttimetravels.
A photographicprint of oncomingheadlightsis merelyanallusion
to therealexperience– it cannotduplicatethevisceralexperience
of glare,or reproducethe effect it hason a humanobserver. It is
exactly this kind of experiencethat an HDR displaycanuniquely
reproduce.

The HDR display technologydescribedin this paperonly ex-
ploits theinability of humansto seedetailin theimmediatevicinity
of a high-contrastboundary;it makes no assumptionsaboutour
overall responseto varying brightnesses.Relative (and even ab-
solute)brightnessesaremaintained,andedgeswill be reproduced
exactlywhenthey arebelow themaximumcontrastof thefront dis-
play– about400 : 1 in ourcurrentprototype.Only whenthisrange
is exceededis some�delity lost nearhigh contrastboundaries,but
this effect is well below thedetectablethreshold,andhasnot been
visible in any of ourexperiments[Seetzenetal. 2003].

3.2 Just Noticeab le Diff erence Steps vs. Contrast
and Bit Depth

A key questionto askin designingany displaysystemis: how many
distinctinput/outputlevelsarenecessaryto cover thedesiredrange
withoutbandingor similarquantizationartifacts?For conventional
displays,this questionis often answeredby consideringa single
vieweradaptationlevel andthenumberof bitsrequiredto represent
suitablestepson a particulargammacurve. This maybeadequate
if the dynamicrangebeingconsideredis small, but fails whena

display is capableof levels much brighter and much darker than
ambient.

To answerthis questionin the context of a HDR displays,we
turn to psychophysical researchin theareaof JustNoticeableDif-
ferences.A JND is thesmallestdetectableluminancedifferenceat
a given luminancelevel. Visual psychologistshave establisheda
completetheoryfor calculatingJNDsover theluminancerangerel-
evant for our HDR displays[Barten1992;Barten1993],which al-
lows usto establishtheusefulluminancelevel of theHDR display.
Adding a JND to a particularluminancelevel effectively de�nes
thenext usefulstepon theluminancescaleof thedisplaysinceit is
clearlyredundantto provide addressableluminancelevelsbetween
thosetwo levelsif theeyecannotperceiveany difference.
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Figure 3: The numberof just noticeabledifference(JND) steps
for different maximum intensities according to the model by
Barten[1992,1993].

BasedonBarten'soriginalwork, ananalyticalformulafor JNDs
was derived for a DICOM standard[2001] (seeFigure 3). This
modelpredicts962 JND stepsin the luminancerangeof the pro-
jection basedHDR displaydescribedin Section4 and1139JND
in theluminancerangeof theLED basedHDR display(Section5).
Our goal thereforeis to reproduceat leastthis many stepson each
displayfrom thedarkestto brightestoutputlevel, andin bothcases
our stepsizesaremaintainedwell below a JND throughoutthe lu-
minancerange.In thefollowing sectionswe will usethenotionof
JNDsinsteadof contrastandbit depthto characterizethe perfor-
manceof theHDR systems,but continueto usethesemorefamiliar
termsfor theindividualcomponents(LCD andprojector)thatmake
up theHDR display.

Recently, MukaandReiker [2002]havearguedthat,for conven-
tional displayswith a typical dynamicrangeof 300 : 1 or so, an
8-bit representationof imagesis suf�cient for medicaldiagnosis.
They arguethat thedifferencebetweenan8-bit digital displayand
a 10-bit or higherbit depthis minimal, andperhapsnot noticeable
at all. However, asthe rangeof displayableluminancesincreases,
sodoesthenumberof JNDstepsrequiredto coverthatrange,which
is re�ectedin thenumberspresentedabove.

4 System 1: Projector -based Displa y

As outlined in the introduction,the �rst HDR displaysystemwe
built modulatesthe image from a projector with a transmissive
LCD. Thissystemis detailedin thefollowing.
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4.1 Hardware Setup

In aconventionalLCD, two polarizersanda liquid crystalareused
to modulatethelight comingfrom a uniform backlight,typically a
�uorescenttubeassembly. Thelight is polarizedby the�rst polar-
izer andtransmittedthroughthe liquid crystalwherethe polariza-
tion of the light is rotatedin accordancewith the control voltages
appliedto eachpixel of liquid crystal. Finally, the light exits the
LCD by transmissionthroughthesecondpolarizer. Theluminance
level of thelight emittedateachpixel is controlledby thepolariza-
tion stateof theliquid crystal.It is importantto pointout thatLCDs
cannotcompletelyprevent light transmission- even at the darkest
stateof apixel, light is emittedandassuchthedynamicrangeof an
LCD is de�ned by theratio betweenthelight emittedat thebright-
eststateandthe light emittedin the darkeststate. For a high end
LCD, thisratio is usuallyaround300 : 1, with monochromaticspe-
cialty LCDs (e.g. thosefor medicalimaging)goingup to 700 : 1.
Theluminancerangeof thedisplaycaneasilybeadjustedby con-
trolling thebrightnessof thebacklight,but thedynamicrangeratio
will remainthe limiting factor. In order to maintaina reasonable
`black' level of about1cd=m2 , theLCD is thuslimited to a maxi-
mumbrightnessof about300cd=m2 .

The basicmodi�cation introducedby the HDR technologyin-
volvesinsertingasecondlight modulatorandincreasingthebright-
nessof thebacklight.Thesetwo modulatorsin seriesprovideanex-
tremelydarkstatewith averylow light emission,whichthenmakes
it possibleto increasethe brightnessof thebacklightdramatically
without losingthe`black' state.Optically, thisseriesof modulators
resultsin multiplicationof theindividualdynamicranges.

For theprojector-basedHDR displaypresentedin thispaper, the
backlightandthe �rst modulatorarecombinedinto a singleDLP
usinga Digital Mirror Device with a dynamicrangeof 800 : 1.
Thethreecentralcomponentsof theHDR displayarethenthepro-
jector, the LCD and the optics that couplethe two. Using these
components,eachimageontheHDR displayis theresultof modu-
latedlight comingfrom theprojectorwhichis directedontotherear
of thetransmissive LCD by theopticssystem,modulateda second
timeby theLCD, andproperlydiffusedfor viewing.

The projector used in the HDR display is an Optoma DLP
EzPro737digital mirror projector. To reduceunnecessarylight loss,
we have removed the color wheel from the projector, resultingin
a monochromedisplaysystemwith a threefoldincreasein bright-
nessdueto theabsenceof thecolor �lters. New controlelectronics
have beenintegratedinto the commerciallyavailableprojectorto
re-synchronizeit in absenceof this colorwheel.

TheLCD panelis a15” XGA colorLCD madeby Sharp(Sharp
LQ150X1DG0). It is driven by an EarthVision AD2 LCD con-
troller, whichallowsadirectVGA connection.TheLCD panelhas
beenseparatedfrom theconventionalbacklightandall of theopti-
cal layersbehindthedisplayhave beenremoved to createa trans-
missive imagemodulator.

The optics usedin the HDR display include the conventional
projectionlensof the EzProprojector, anda Fresnellensdirectly
behindtheLCD displayto collimatetheprojectedlight into a nar-
row viewing anglefor maximumbrightnessof theHDR displayand
to avoid color distortiondueto diverging light passingthroughthe
color �lters of theLCD. Finally, a standardLCD diffuserhasbeen
usedto redistribute the collimatedlight into a reasonableviewing
angle.

All threecomponentshave beeninstalled in a single housing
with appropriatealignmentmechanismsto createa closematch-
ing of theDLP andLCD pixels. Thealignmentcanbe �ne-tuned
through the controls of the DLP projector. However, a perfect
matchis impracticalasalignmentat the sub-pixel level is hardto
achieveandalmostimpossibleto maintain.To avoid moirépatterns
andalignmentartifactsassociatedwith evenaminormisalignment,
we have deliberatelyblurredthe projectorimageandcompensate

for that blur in the LCD imageasdescribedin the following sec-
tion.

LCD
Fresnel Lens and Diffuser


Projector


LCD

Controller


Dual-VGA Graphics

Card in PC


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

Using this con�guration, the light output of eachpixel of the
HDR display is 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 255th level on both modulators),
andthe lowestboundaryfrom the lowestpossibletransmissionof
bothmodulators(i.e. the0th level on bothmodulators).Sincethe
DLP hasadynamicrangeof 800 : 1 andtheLCD adynamicrange
of 300 : 1, the theoreticaldynamicrangeof the HDR display is
240; 000 : 1. Imperfectionsin theopticalpathintroducenoisethat
reducesthe dynamicrangeto a measured54; 000 : 1. The lumi-
nancevaluesmatchingtheseboundariesarea resultof thebright-
nessof theprojectorandthetransmissionof theLCD. In this case,
the OptomaEzPro737is ratedat 1200 Lumens,or approximately
2400Lumensoncethe RGB color �lters areremoved (sinceeach
�lter for red, greenandblue eliminatesapproximately2=3 of the
incominglight). The SharpLCD panelhasa measuredtransmis-
sionof approximately7.6%in thewhitestate(this is quitehigh for
anLCD sinceeventhetheoreticalmaximumfor acolorLCD with-
out any lossesis only 16%dueto thelight reductionof 50%at the
polarizerandanother66%dueto theRGB color �lter). Assuming
thatthelight emittedby theHDR displayis diffusedacrossa solid
angle! , themaximumluminanceis thengivenby:

L max =
� max

A!

whereA is theareaof theLCD and� max is themaximumoutgo-
ing �ux. In the HDR displayprototype,the �ux is approximately
182Lumens(2400Lumens� 7:6%). TheareaA is theareaof the
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15” LCD (697cm2) andthe solid angleof diffusion ! is approx-
imately 0:66sr (40� diffusion horizontally, 15� vertically). The
maximumluminancefor this particularcon�guration is then ap-
proximately3; 956cd=m2 . We actuallymeasureda luminanceof
2; 700cd=m2 Lumens.Thetheoreticalminimumluminanceis less
than 0:01cd=m2 , while our measurementsresultedin a value of
0:05cd=m2 . Clearly, a shift of this rangetowardevenhigherlumi-
nancevalueswould bepossiblewith a brighterprojectoror a more
transmissive LCD. Unlike a standardlow dynamicrangedisplay,
even an orderof magnitudeincreaseof the maximumluminance
would not signi�cantly reducethequality of the`black' statesince
1cd=m2 is still averysatisfying`black', especiallyif otherpartsof
theimagecontainveryhigh luminancevalues.

Within that luminancerange, a very large numberof differ-
ent combinationsof outputsettingsfor the DLP andLCD canbe
achieved. If both systemswerelinear 8-bit devicesthenthe total
numberof combinationswould be2562 , over 17,000of which are
distinct. Due to the non-lineargammaof eachsystem,the actual
rangeof distinctaddressablestepsis different,but still signi�cantly
larger thanwhat is neededto displaythe962JND stepsnecessary
to provide all visible and distinguishableluminancestepsin the
measuredluminancerangeof the system(including all losses)of
0:05cd=m2 to 2; 700cd=m2 .

4.2 Driving the Projector Displa y

To correctlyrenderHDR imagesonthisdisplay, weneedto analyze
the imageformationprocessof thesystem.Let usassumefor the
momentthat both the projectorand the LCD panelare perfectly
linear, and that both have the samedynamicrange. For now, let
us also neglect the blurring of the projectorimage. Under these
assumptions,wecanachievethetargetintensityby normalizingthe
intensityrangeof the HDR imageto 0 : : : 1, andusingthe square
root of this normalizedintensityto drive boththeprojectorandthe
LCD panel. This even split betweenpixel valueson the projector
andthe LCD panelis preferableto a scenariowhereonevalueis
very large andthe otheris very small, sincequantizationartifacts
arerelatively largerfor smallvalues.

In reality, neitherthe projectornor the LCD have a linear re-
sponse,andwealsoneedto compensatefor theblurringof thepro-
jectorimage.We do this in thefollowing way: we choosea simple
estimateof what theprojectorintensityshouldbe,andthensimu-
late theeffect of responsefunctionandblurring. Finally, thepixel
valuesof theLCD panelarechosensuchthat they compensatefor
theseeffects.
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Figure5: Renderingalgorithmfor theprojector-baseddisplay.

The completerenderingalgorithmthenworks as follows (also
seeFigure5): we take thesquareroot of theoriginal HDR image
with intensityI (1). The resultingimage(2) representsthe target
intensity

p
I for theprojector. Wemaptheseintensitiesinto projec-

tor pixel valuesby applyingtheinverseof theprojector's response
functionr 1 (3). Theprojectornow producesanimageof intensity
r 1(r � 1

1 (
p

I )) =
p

I , exceptthat the imageis actuallyblurredac-
cordingto p1 , theprojector'spointspreadfunction(PSF).To simu-
latethisblurring,weconvolvetheprojectorintensitieswith thePSF
(4) anddividetheresultout from theoriginalHDR imageto getthe

targetLCD transparency (5). For the�nal pixel valuesof theLCD,
weapplytheinverseof thepanel's responsefunctionr 2 (6).

An exposuresequenceof the PSFp1 is depictedin Figure 6.
Notetheverticallinesvisible in imageswith largerexposuretimes.
ThesearetheRGB subpixelsof theLCD panel. In orderto speed
up thecomputation,we do not usethemeasuredPSFdirectly, but
�t a tensor-productGaussianto p1 . We usuallysetthefocusof the
projectorsuchthat the �tted Gaussianhasa standarddeviation of
about2-3.5pixels,sothatwecanusea2D separable�lter of width
13 for theconvolution.

Figure6: Pointspreadfunctionof theprojector.

Theseimageprocessingstepsare possibleboth completelyin
softwareandusingrecentprogrammablegraphicshardware(graph-
icsprocessingunit,GPU).Theconvolutionis themostdif�cult part
of theGPUimplementation,but with theseparableapproximation
it canbe readily implementedasa pixel shaderon both the latest
ATI andNVIDIA chips.With thisapproachweachieve framerates
of 30 framespersecondor moreoncurrenthardware.
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Figure7: Responsefunction of both the LCD panelandthe DLP
projectorin theprojector-baseddisplay.

Figure8 shows the resultsof this imagefactorizationon a por-
tion of Debevec'sStanfordMemorialChurchHDR photograph.On
theleft side,you canseea grayscaleimagethatcorrespondsto the
squareroot of the original intensity values. Convolving that im-
agewith the PSFof the projectoryields the centerimage. This
is the predictedimagethat will be producedby the projector. Fi-
nally, the right imageis the color LCD panelimagethat corrects
for theblurrinessof theprojector. It is interestingto notethat the
LCD panelimageis essentiallyanedge-enhancedimagewith low
frequency componentsattenuatedor removed. This is particularly
noticeablefor thewidthsof thewindow frames. Interestingly, the
algorithmthatwe applyhereis very similar in principle to a local
tonemappingoperator. This meansthat our LCD panelimageis
almosta tonemappedversionof theoriginalHDR image,although
ourmethodis clearlynotdesignedfor thatpurpose.

4.3 Discussion of the Projector Displa y

The projector basedHDR display hardware provides a tool to
presenthighqualityHDR imagesbut hasseveraldrawbacks.In ad-
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Figure 8: Factoringan HDR photographfor our projector-based
display. Left: squareroot of the intensity. Center:blurredimage
whichis predictedto betheimagegeneratedby thede-focusedpro-
jector. Right: edgeenhancedLCD panelimagethatcorrectsfor the
blurrinessof theprojectorimage.

dition to theobviousform factorproblemdueto theoptical length
requiredby the projector, the power consumption,cost, thermal
managementandvideobandwidthrequirementsarehighcompared
to aconventionaldisplay.

High powerconsumptionandtheresultingthermalmanagement
requirementsarea consequenceof the imagecreationmechanism
insidetheprojector. Unlikeacathoderaytube(CRT) display, where
light is createdonly in theregionsof theimagethataresupposedto
bebright, anLCD or DLP projectorcreatesa uniform light distri-
bution thatis thenmodulatedby theLCD or DLP mirror chip. The
power consumptionof an LCD or DLP projectoris thusindepen-
dentof the imageandalwaysvery high astherehasto beenough
light producedby the lamp suchthat a full screeǹ white' canbe
shown. Combinedwith the low modulationef�ciency of theLCD
or DLP this causesthehigh power consumption.In theHDR dis-
play thesituationis worsethanin aconventional,single-modulator
display. Thelampof theprojectorhasto emitenoughlight to allow
a full screenimageat the highestpossiblebrightnessof the HDR
display. To achieve 10; 000cd=m2 on a 15” screenwe would need
an outgoing�ux of approximately500 Lumens(seeSection4.1).
Evenwith averyhigh transmissionLCD this requiresat least5000
Lumensto be emitted from the projector. In the prototypepre-
sentedin Section4.1 thecolor wheel/�lter of theprojectorhasal-
readybeenremovedto reducethelossesin theprojectorbut evenso
themodulationef�ciency of theprojectoris slightly lessthan50%.
Thelampthushasto producein theorderof 10; 000Lumens.Yet,
in almostall HDR imagesthe areathat is actuallyat sucha high
brightnessof 10; 000cd=m2 is very small. In fact,a randomselec-
tion of 100HDR imagesindicatedthataverageHDR imageshave
lessthan 10% of the imagecontentin the high luminancerange
(above 3000cd=m2) and that the averageluminanceover all im-
ageswaslessthan800cd=m2 for indoorscenesand2; 100cd=m2

for outdoorscenes.TheprojectorHDR displayconsequentlycre-
atesa factorof between12.5and4.75too muchlight at any given
time.

The projectoris also the causeof the high bandwidthrequire-
ments.Even thoughthe imageprojectedby theprojectoronto the
backof the LCD is blurred,the projectoritself is still a high res-
olution displaywhich requireshigh resolutioninput data.As a re-
sult,theprojector-basedHDR displayneedsahighresolutionvideo
streamgoingto theLCD andasimilarsizevideostreamto thepro-
jector. Thiscreatesarequirementfor adualoutputgraphiccardand
imposeslimits to theframerateof thedisplaydueto thecomputa-
tional requirements.

Finally, thecostof ahighbrightnessprojectoris veryhighwhich
makesthis versionof theHDR displayunsatisfactoryfor commer-
cial purposes.Cost also presentsa barrier to larger screensizes
asthebrightnessrequirementsincreaselinearly with area,andthe
cost curve for projectorsis very steepwith brightness(while the
stepfrom 2; 000 Lumensneededfor a 15” displayto a 4; 000 Lu-
mensprojectorfor a20” displayis only twiceashigh,thenext step

from 20” to 40” TV sizewould requirea15; 000Lumensprojector
at a pricethat is over 20 timeshigherthanthatof a 4; 000Lumens
projector).

Yet, for researchapplications,thedisplayis avaluabletool. The
high costis in partdueto theuseof fully �nished consumerprod-
uctsinsteadof individual components,but this alsomakesit possi-
ble to assemblethesystemwithoutsigni�cant developmentof cus-
tom electronics.Sincethedrawbacksmentionedabove in no way
diminishtheactualimagequality, theprojector-basedHDR display
providesresearcherswith a relatively simpleto build solutionwith
veryhigh imagequality.

5 System 2: LED-based Displa y

As seenin the discussionof the projector-basedHDR display in
Section4.3therearesigni�cant obstaclesto overcome.

To realizethedreamof television or computerdisplayspresent-
ing imagesthatlook indistinguishablefrom therealworld, it is not
suf�cient to merelyshow imageswith the appropriateluminance
rangeandresolution;it is alsonecessaryto make a commercially
viablesystemthatachievesthesehigherquality imageswithin to-
day'shardwareandsoftwareinfrastructureandmarketpricepoints.
The versionof the HDR display describedin this sectionretains
thehigh imagequality of theprojectordisplayandovercomesthe
commercializationbarriers:power, thermal,cost,form factorand
infrastructuredemandson thegraphicscard.

5.1 Hardware Setup

We have alreadyseenin Section4.1 that softwarecorrectioncan
compensatefor a low resolutionof therearimageof theHDR dis-
play. It is importantto realizethatthiscorrectionworksperfectly, as
longasthelocal imagecontrastdoesnotexceedthedynamicrange
of the front modulator. From the psychologytheorypresentedin
Section3 wecanestablishthelargestsizeof arearimagepixel. For
thisversionof theHDR displaywehaveusedlight emittingdiodes
(LED) at thelargestpossiblesizeallowedby theveiling luminance
effect which hasbeenvalidatedpreviously throughexperimental
tests[Seetzenetal. 2003].

A prototypehasbeenbuild using12mm LumiledLuxeon1 Watt
white LEDs (LXHL- PWO1) on a hexagonalclose-packingmatrix
whereeachLED is individually controlledover its entiredynamic
rangewith 1024addressablesteps.760LEDs have beenmounted
behindan 18.1” L.G. Philips LCD with a 500 : 1 dynamicrange
and1280� 1024resolution.On full screenwhite/blackthemax-
imum luminanceis measuredas 8; 500cd=m2 and the minimum
luminanceis zero, sinceall LEDs are off. The minimum lumi-
nanceis lessthan0:03cd=m2 onacheckerboardpatternlargerthan
20mm . As mentionedin Section3.2, the Bartenmodel [Barten
1992;Barten1993] predicts1139JNDsfor this luminancerange.
Thesystemis capableof displayingimagesat videorates.

5.2 Driving the LED Displa y

The principal renderingalgorithm for the LED-basedsystemis
quite similar to that for the projector-baseddisplay, as shown in
Figure9. Theprimarydifferencebetweenthetwo displaysystems
from arenderingperspective is thatthePSFof anLED hasamuch
wider supportthan the one for a pixel of the projector. Also of
importanceis the fact that the LEDs arearrangedon a hexagonal
grid ratherthanarectangulargrid. Thesedifferenceshavetwo con-
sequences.Firstly, becauseof the wider supportof the PSF, it is
advisableto comeup with a betterway to choosethe LED val-
ues.Sincethesupportsof thePSFsfor neighboringLEDs overlap,
determiningtheoptimalLED valueis essentiallya de-convolution
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problem,asexplainedbelow. Secondly, becauseof boththehexag-
onal geometryandwider supportof the PSF, the convolution (4)
hasto beimplementeddifferently.

LED
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r � 1
2 ( I
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)I

p
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Figure9: Renderingalgorithmfor theLED-baseddisplay.

We addressthe �rst issueby addingan additionalstage(2a) to
derivethetargetintensitiesI L for everyindividualLED. To thisend
we �rst down-sampletheimageto theresolutionof theLED array,
andthensolve for the values,taking the overlapof the PSFsinto
account.This is essentiallyade-convolutionproblem,thefull solu-
tion of whichwouldrequiresolvingasparselinearequationsystem
with asmany unknownsasthereareLEDs. This is notanoptionfor
interactiveapplications,andfurthermorede-convolutionalgorithms
areknown to be numericallyunstable.We canapproximatea so-
lution with a singleGauss-Seideliterationover neighboringLED
pixels. This amountsto a local weightedaverageof neighboring
LED targetvalues,wheresomeof theweightsarenegative. In our
design,theseLED values(2a)canbeforwardeddirectly to thecon-
troller electronics,which correctfor nonlinearitiesin the LED re-
sponsein hardware.

As before,we rely on theLCD panelto compensatefor any dif-
ferencesbetweentheLED valuesandthetargetimage.To thisend,
we needto forward-simulatethe low-frequency image(4) gener-
atedby the LED panel in order to derive the LCD pixel values.
We usetwo differentapproachesfor softwareandhardwareimple-
mentations.With GPUs,we usea splattingapproach,andsimply
draw screenalignedquadrilateralswith texturesof thePSFinto the
framebuffer. Alpha blendingis usedto accumulatethe results. In
software,we approximatethemeasuredPSFwith a Gaussian,and
implementthereconstructionby convolving alow resolutionimage
with theapproximatePSF, andthenup-samplingto thefull resolu-
tion.
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Figure10: Responsefunctionof theLCD panelin theLED-based
display. The responseof the individual LEDs (not shown here)is
designedto belinear.

Figure11 shows the factorizationof an HDR imageinto LED
componentandLCD panelcomponent.Due to the wider support

of thePSFof theLEDscomparedto thePSFof aprojectorpixel in
the �rst setup,theLED imageis evenmorelow-pass�ltered than
before.As a result,thecompensationperformedin theLCD panel
is moresigni�cant, andis visible in theright image.

Figure11: Factorizationof anHDR photographfor theLED-based
display. Left: LED contribution asa resultof convolving LED val-
ueswith the LED point spreadfunction. Right: edgeenhanced
LCD panelimagethatcorrectsfor theblurrinessof theLED image.

5.3 Discussion of the LED Displa y

The useof LEDs overcomesthe power consumptionandthermal
problemasa resultof intelligentlight production,andit eliminates
othercommercializationbarriersoutlinedin Section4.3.Formfac-
tor is no longeranissueastheLED matrix canbethesamethick-
nessas a conventionalLCD backlight. The video bandwidthre-
quirementsaredramaticallyreduceddueto thelower resolutionof
the LED matrix. As a result,only a few hundred8-bit valuesare
neededover a standardimage,andtheseareaddedto the front of
the DVI video streamgoing to the LCD and strippedoff by the
controllerhardware insidethe display. Cost remainsan issuebut
signi�cantly lesssothanwith theprojectorsystem.

Oneslight disadvantageis that the renderingalgorithmfor the
LED-baseddisplayis computationallymoredemandingthantheal-
gorithmfor theprojector-baseddisplaydueto thelargersupportof
thePSF. OnaGeForceFX wecurrentlyachieveabout10 fps. for a
fullscreenimagefactorizationinto LCD andLED components.The
renderingtime is mostly limited by having to work aroundlimita-
tions in the supportof �oating point framebuffers andtextureson
currentGPUs. The next generationof GPUswill supporta more
completesetof operations,includingblendingandbi-linear inter-
polation,which shouldimprove the performanceof our algorithm
by a factorof 3-4.

6 Applications

Wehavedevelopedfour simpleapplicationsto testourdisplaytech-
nology, andto demonstrateits potentialin a numberof application
domains.The �rst oneis a simpleHDR imageviewer that works
with bothdisplays(Figure12,top left). It allowstheuserto loadan
HDR imageandshow it while interactively adjustingtheexposure
settings(i.e. theabsolutescaleof intensity). This applicationwas
alsousedto generatethe imagesin Figure1. The threeimagesto
theright of that �gure show a color-codedcomparisonof anorigi-
nalradiancemap,anHDRphotographtakenoff ourprojector-based
display, and�nally a photographtakenoff a standardLCD screen.
Theintensitiesof thephotographfrom theHDR displayaresimilar
but not identical to the valuesin the original radiancemap. The
differencesaremostlydueto imperfectionsin both thecalibration
of the displayto absoluteintensities,andin the imageacquisition
process.Clearly both intensityanddynamicrangeof our display
arevastlysuperiorto thestandardmonitor.
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Figure12: Screenphotographsof thedifferentapplicationswe implemented.Theexposuretimesof the two imagesin eachpair differ by
4 stops.Top left: HDR imageviewer. Top right: interactive renderingof measuredBRDFs. Bottomleft: volumerendering.Bottomright:
medicalimageviewer.

The secondapplicationwe developedis relatedto interactive
photorealisticrendering. We modi�ed a DirectX applicationfor
displayingBRDFs measuredwith linear light sourcere�ectome-
try [Gardneret al. 2003],andreplacedits tonemappingstepwith
therenderingalgorithmfor ourdisplay(Figure12,topright). Other
interactive applicationsthat can renderinto �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
framebuffers and lack of bi-linear interpolationfor �oating point
textures.Theseissuesshouldberesolvedin upcominggenerations
of GPUs.

Basedonasimilarprinciple,wehavebuilt asimplevolumeray-
casterthat runson a GPU (Figure12, bottomleft). It allows for
operationssuchasrotation,slicing,andadjustmentsto thetransfer
function. Both theactualvolumerenderingalgorithmandthepro-
cessingfor ourdisplaysis implementedin asingleCgshader[Mark
etal. 2003].

Finally, a simplemedicalimagingviewer andbrowserhasbeen
implementedto allow radiologistto view medicalimagesin high
dynamicrange(Figure12,bottomright).

7 Conc lusions and Future Work

In this paperwe have presentedtwo designsfor HDR displays,
one basedon a projectorsetupand one basedon an LED array.
The two displayswe developedhave dynamicrangesof well be-
yond 50; 000 : 1, and a maximumintensity of 2700cd=m2 and
8500cd=m2 , respectively. We have describedboth hardwareand
software aspectsof thesedisplay systems,and have describeda
numberof applicationsfor this kind of technology.

Thereareplentyof opportunitiesfor futurework. On thehard-
wareside, the imagequality of the LED-basedHDR displaycan
be further enhancedby replacingeachwhite LED with a triplet
of red, greenandblue LEDs or a larger numberof coloredLEDs
if moreprimariesaredesired(e.g. red, blue, blue-green,yellow-
green). Color LEDs have very sharplyde�ned spectralemission
patternasopposedto thebroadbandemissionof �uorescenttubes

usedin conventionalLCD backlights.This createspureprimaries
andallows for a signi�cant increasein thedisplaycolor gamut. A
conventionalLCD achievesapproximately66%of theNTSCcolor
gamutwhile a tri-color LED basedsystemcanachieve 98% with
additional red and blue outsidethe NTSC gamut [Ohtsuki et al.
2002].

Theactively controlledmatrix of LEDs canalsobeusedto very
easily implementbacklightingschemesproposedby the industry
suchas�ashing thebacklightin segmentin syncwith theLCD re-
freshto reducemotionblur artifacts[Fisekovic et al. 2001]. Like-
wise,theLED arraysimpli�es problemsof global luminancenon-
uniformity found in conventionaldisplaysresulting from a non-
uniformlight outputof the�uorescenttubebacklight,lifetimeprob-
lemsdueto backlightfailure,andmany otherlimitationsof a con-
ventionalLCD backlight.

At thispoint thecalculationof therearandfront imagelayerare
executedby thegraphicscardbut standardizedcalculationsof this
kind caneasilybe doneby dedicatedhardwareinsidethe display
assoonasstandardsfor �oating pointvideosignals(suchasexten-
sionsto theDVI standard)becomeavailable. This will reducethe
load on the graphiccard,allow software to directly send�oating
point datato thedisplay, andhave thedisplayhandlethenecessary
computationsfor blur correction.

In addition to thesedirectionsfor further developing the hard-
ware, therearea numberof potentialapplicationsof this display
technologyin computergraphics,visualization,human-computer
interaction,andperceptionresearch.Commercialapplicationsin-
cludeproo�ng for the �lm andspecialeffectsindustries,sincethe
dynamicrangeof �lm signi�cantly exceedswhatcancurrentlybe
shown onstandarddisplays,andeventuallyevenhometheater. For
volume renderingin particular, the higher dynamic rangemight
openup possibilitiesfor completelynew renderingalgorithms.We
alsoplanto explorenew interactionmetaphors,suchasuseof HDR
imagingin userinterfaces.The extra brightnessshouldbe useful
for directing the user's attentionto importantevents. Finally, an
interestingresearchdirectionis to expandthework on humanper-
ceptionresearchin orderto challengeandexpandon assumptions
thathavebeenmadein thecontext of traditionaldisplaytechnology.
Otherresearchershave alreadyusedour displayto run perceptual
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comparisonsof tonemappingoperators.
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