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Abstract

Tremendougprogressn the developmentandaccessibilityof high

dynamicrange(HDR) technologythat hashappenedust recently
resultsin fastproliferationof HDR syntheticimagesequenceand
capturedHDR video. When properly processedsuchHDR data
can leadto very corvincing and realistic resultseven when pre-
sentedon traditional low dynamicrange(LDR) display devices.
This requiresreal-timelocal contrastcompressior{tone mapping)
with simultaneousnodelingof importantin HDR image percep-
tion effectssuchasvisual acuity, glare,day andnight vision. We

proposea uni ed modelto includeall thoseeffectsinto acommon
computationaframework, which enablesan ef cient implementa-
tion on currently available graphicshardware. We develop a post
processingnodulewhich can be addedasthe nal stageof ary

real-timerenderingsystem,gameengine,or digital video player

which enhanceghe realismand believability of displayedimage
streams.

CR Categories: 1.3.3[ComputerGraphics]:Displayalgorithms

Keywords: tone mapping,luminanceadaptation,visual acuity,
scotopicvision, glare,graphicshardware

1 Intro duction

Computermodelingof the real world appearancévolvesrepro-
ducing high dynamicrange(HDR) luminancevaluesin resulting
images. Traditionally suchHDR imageshave beenthe domain
of physics-basedylobal illumination computation,which is very
costly Recentprogressowardsimproving the realismof images
that was achieved throughthe useof capturedHDR ervironment
mapgDebevecandMalik 1997]andprecomputedadianceransfer
(PRT) techniquegSloanetal. 2002;Ng etal. 2004]enablego gen-
erateHDR imagesequencem realtime. FurthermoreHDR video
of real world scenescan easily be capturedusing multi-exposure
techniqguegKang et al. 2003] or advancedvideo sensordNayar
andBranzoi2003]andcompressetbr anef cient storageandlater
playback{Mantiuk etal. 2004]. However, contrasin suchrendered
imagesequenceandHDR videostream®ftenexceedsapabilities
of typicaldisplaysandtheirdirectrenderingo thescreeris notpos-
sible. Fortunately theimportanceof tonemappingof HDR datais
widely understoochnd mary algorithmshave alreadybeendevel-
oped[Devlin et al. 2002] with several implementationschievsing
real-timeperformancgDrago et al. 2003; Goodnightet al. 2003],
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whichis requiredespeciallyin real-timerenderingsystemsandfor
HDR videoplayback.

Currentreal-timeapproachew tonemappingarehowever far from
perfectbecausehe perceptuakffectstypical in everydayobsenra-
tion aregenerallyneglected.Thefactthata daylightsceneappears
very brightandcolorful, but duringthe night everythinglooksdark
andgrayish,is obviousfor anaverageobsenrer. Althoughthelack
of sharpvision and color perceptionin night sceneshave already
beenaccountedor in tonemapping[Ferwerdaetal. 1996;Durand
and Dorsey 2000], theseeffectswere appliedto the whole image
with a uniform intensity (globally). This could leadto unrealistic
exaggerationsf a wide rangeof luminancewas shavn in anim-
age. Very appealingresultsare obtainedusingthe so-calledlocal
tonemappingoperatorgDevlin etal. 2002], which arevery good
atpreservingne detailsin ascene However, in dimly illuminated
scenesuch ne detailswould not be percevable,because¢he acu-
ity of humanvision is degraded. Therefore,sowell presered de-
tailsgive anunrealistiampressiorin suchcasesOntheotherhand,
certainperceptuakffects,like glare,cannotbe evoked becausé¢he
maximumluminanceof typical displaysis not high enough.How-
ever, we are so usedto the presenceof sucha phenomenathat
addingglareto animagecanincreasesubjectve brightnessof the
tonemappedmage[Spenceret al. 1995]. Clearly, it appearsru-
cial to properlypredictandsimulatetheseperceptuaéffectsduring
thetonemappingprocessn orderto corvey arealisticimpression
of HDR dataover a wide rangeof luminance whensuchdataare
displayedontypical displaydevices.

Although the accountfor perceptuakeffects during tone mapping
have alreadybeenincludedin several algorithmsfor staticimages
[Ferwerdaetal. 1996;Wardetal. 1997;DurandandDorsey 2000],
theseeffects were discussednly in the context of global opera-
tors. Furthermorethe proposedsolutionswere composedf mul-

tiple stageseachinvolving comple« processingsuchas convolu-

tions. Althoughtheimplementatiorof individual perceptuaéffects
ongraphicshardwareis intuitive,anaive combinatiorto includeall

of themdoesnot evenallow for aninteractve performanceon the
bestgraphicshardwarecurrentlyavailable.

In this paper we presentanef cient way to combinethe mostsig-
ni cant perceptuakffectsin the contet of perceptiorof HDR im-
agesincluding the local tone mappingto adjustcontrastto LDR
devices. Previously, the perceptuakffects have beenapproached
separatelyhowever they have muchin commonin termsof spatial
analysis. In this work, we shav that makinguseof suchsimilari-
ties have a tremendousmpacton the performance With only one
costly stepof constructinga Gaussiarpyramid, we areableto cor
rectly realizeall of the effectsandtonemappingwith no additional
overhead.We implementour approachin graphicshardwareasa
stand-alondHDR image/videgprocessingnoduleandachieve the
real-timeperformanceSucha modulecanbeusedin the nal ren-
deringstageof ary real-timerendereior HDR videoplayer

The remainderof the paperis organizedasfollows. In Section2

we explain the tone mappingmethodand give backgroundnfor-

mationto eachperceptuakffect thatwe simulate.We thenpresent
our methodof combiningthe tone mappingwith the effectsalong
with the implementatiordetailsin Section3. Finally, we discuss
our resultsin comparisorwith otherapproachei Section4 and
concludethepaperin Section5.



2 Background

With mary tone mappingalgorithmsavailable, we wantto usea
methodthat providesgood,widely acknavledgedresultsfor static
images At thesametime we wantthatthe spatialanalysisnvolved
in tonemappingbaresomesimilaritiesto processetakingplacein
the perceptionWe have foundthatphotographi¢onereproduction
[Reinhardet al. 2002] satis esour requirementslin the following
sectionswe brie y explain the tone mappingalgorithmandeach
of the perceptuaéffectsthatwe include,andwe shav theapparent
similaritiesin the spatialanalysisof percevedimages.

Throughoutthe tone mappingpipeline,we assumehe RGB color
modelwhereeachchannels describedy a positive oating point
number For the properestimationof the simulatedperceptuakf-
fects, the pixel intensityvaluesshouldbe calibratedto Cﬁd. In our

implementationwe considerthe valuesto bein rangefrom 10 4

to 108, whichis sufcient to describegheluminancentensitieper

ceivableby thehumarnvision. Thealgorithmproducesonemapped
RGB oating point valuesin the range[0: 1] which arethendis-

cretizedto 8-bit valuesby anOpenGLdriver.

2.1 Tone Mapping

The algorithmproposediy Reinhardet al. [2002] operatesolely
ontheluminancevalueswhich canbeextractedfrom RGB intensi-
tiesusingthe standardCIE XYZ transform(D65 white point). The
methodis composedf a globalscalingfunctionandalocal dodg-
ing & burningtechniquewhich allowsto presere ne details.The
resultsare driven by two parametersthe adaptingluminancefor
theHDR sceneandthekey value. The adaptinguminanceensures
thattheglobalscalingfunctionprovidesthemostef cient mapping
of luminanceto the displayintensitiesfor given illumination con-
ditionsin the HDR scene.Thekey valuecontrolswhetherthetone
mappedmageappearselatively bright or relatively dark.

In thisalgorithm,thesourcduminancevaluesY are rst mappedo
therelative luminacey;:

_a
Y= @)

whereY is the logarithmic averageof the luminancein the scene,
whichis anapproximatiorof theadaptingluminanceanda is the
key value. The relative luminancevaluesare then mappedto the
displayablepixel intensities. usingthefollowing function:

Y

L= T+, 2

Theabove formulamapsall luminancevaluesto the[0: 1] rangein
suchway thattherelative luminanceY; = 1 is mappedo the pixel
intensityL = 0:5. This propertyis usedto mapadesireduminance
level of the sceneto the middle intensityon the display Mapping
higherluminancedevel to middlegrayresultsin a subjectvely dark
image(low key) whereasnappinglower luminanceto middle gray
will give a bright result(high key) (seeFigurel). Obviously, im-
ageswhich we perceve at night appearrelatively dark compared
to whatwe seeduringa day We cansimulatethis impressionby
modulatingthe key valuein equation(1) with respecto the adapt-
ing luminancein the scene We explain our solutionin Section3.1.

Unfortunately the tonemappingfunctionin equation(2) maylead
to thelossof ne detailsin the scenedueto the extensive contrast
compressionReinhardetal. [2002] proposea solutionto presere

Tog; luminance

logy luminance

Figure 1: Tone mappingof an HDR imagewith a low key (left)
anda high key (right). The curve on the histogramsllustrateshow
the luminanceis mappedo normalizedpixel intensities. Referto
Section2.1for details.

local detailsby employing a spatiallyvariantlocal adaptatiorvalue
V in equation(2):
Y (Xy)

L(xy) = m

®3)

The local adaptationv equalsto an averageluminancein a sur
roundof the pixel. The problemlies however in the estimationof
how largethesurroundof thepixel shouldbe. Thegoalisto have as
wide surroundaspossible however too large areamayleadto well
known inversegradientartifacts,halos The solutionis to succes-
sively increasehe sizeof a surroundon eachscaleof the pyramid,
checkingeachtimeif noartifactsareintroduced.For this purposea
Gaussiarpyramidis constructedvith successiely increasingker-

nel:
x2+y2

1
a(xys) = o e < 4)

TheGauasiarﬁorthe rst scaleis onepixel wide, settingkernelsize
tos= (2 2) 1, oneachfollowing scalesis 1:6 timeslarger The
Gaussiarfunctionsusedto constructseven scalesof the pyramid
areplottedin Figure2. As we later shav, sucha pyramidis very
usefulin introducingthe perceptuakffectsto tonemapping.
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Figure2: Plot of the Gaussiarpro les usedto constructthe scales
of the pyramid usedfor local dodging& burningin the tonemap-
ping algorithm. The smallestscaleis #1 andthelargestis #8.

2.2 Temporal Luminance Adaptation

While tone mappingthe sequencef HDR frames,it is important
to notethat the luminanceconditionscan changedrasticallyfrom
frameto frame. The humanvision reactsto suchchangeghrough



the temporaladaptatiorprocessesThe time courseof adaptation
differsdependingon whetherwe adaptto light or to darknessand
whethemwe perceve mainly usingrods(duringnight) or coneqdur

ing a day). Mary intricate modelshave beenintroducedto com-
putergraphics,however it is not asimportantto faithfully model
theprocessasto accounfor it atall [Goodnightetal. 2003].

In the tonemappingalgorithmchosenby us, the luminanceadap-
tationcanbe modelledusingthe adaptinguminancetermin equa-
tion (1). Insteadof usingtheactualadaptinguminanceY, a ltered
valueY, canbeusedwhosevaluechangesccordingo theadapta-
tion processem humarvision, eventuallyreachingheactualvalue
if the adaptingluminanceis stablefor sometime. The processof
adaptationcan be modelledusing an exponentialdecayfunction
[DurandandDorsey 2000]:

ViU = G+ (Y Ya) (1 e 1) 5)

whereT isthediscretdaime stepbetweerthedisplayof two frames,
andt is the time constantdescribingthe speedof the adaptation
processThetime constantis differentfor rodsandfor cones:

trods = 0:4secC tcones= 0:1sec (6)

Therefore the speedof the adaptatiordependsn the level of the
illumination in the scene. The time requiredto reachthe fully
adaptedstatedependslsowhetherthe obsereris adaptingto light
or darkconditions.The valuesin equation(6) describethe adapta-
tion to light. For practicalreasonshe adaptatiorto darkis notsim-
ulatedbecausehe full procesgakesup to tensof minutes. There-
fore, it is acceptabldao performthe adaptatiorsymmetrically ne-
glectingthe caseof alongeradaptatiorto darkconditions.

2.3 Scotopic Vision

The humanvision operatesn threedistinct adaptatiorconditions:
scotopic,mesopicandphotopic. The photopicandmesopicvision
provide color vision, however in scotopicrange,whereonly rods
areactive, color discriminationis not possible. The conesstartto
loosetheir sensitvity at 3:4%d andbecomecompletelyinsensitve

at 0:03%d wherethe rodsare dominant. We modelthe sensitvity
of rodss after[Hunt 1995]with thefollowing function:

0.04

SM = Goary

)

whereY denoteghe luminance. The sensitvity values = 1 de-
scribesthe perceptiorusingrodsonly (monochromatiwision) and
s = 0 perceptiorusingconesonly (full colordiscrimination).The
plot of equation(7) is showvn in Figure3.
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Figure3: Thein uence of perceptuakffectson vision depending
on the luminancelevel. For detailson rodssensitvity andvisual
acuityreferto Sections2.3and2.4respecitiely.

2.4 Visual Acuity

Perceptiorof spatialdetailsin the humanvision is not perfectand
becomedimited with a decreasingllumination level. The perfor
manceof visual acuity is de ned by the highestresohable spatial
frequeny andhasbeeninvestigatedby Shalerin [1937]. Ward et
al. [1997] offer the following function t to the dataprovided by
Shaler:

RF(Y) = 17:25 arctarf{1:4log,qY + 0:35) + 25:72 (8)
whereY denotesthe luminanceand RF is the highestresohable

spatialfrequeng in cyclesperdegreeof thevisualangle. Theplot
of this functionis shavn in Figure4.
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Figure4: Plotof thehighestresohablespatialfrequeng for agiven
luminancelevel which illustratesthe effect of loss of the visual
acuity Spatialfrequeng is givenin cycles per degree of visual
angle. The horizontalline marksthe maximumdisplayablespatial
frequeng ona15inch LCD in typical viewing conditions.

To simulatethe loss of visual acuity on a display device we need
to mapthe visual degreesto pixels. Sucha mappingdependson
the size of the display the resolution,and the viewing distance.
For a typical obsenation of a 15 inch screenfrom half a meterat
1024 768resolutionwe assumels pixels per 1 degreeof the vi-
sualangle.lt isimportantto notethatthehighesfrequeng possible
tovisualizein suchconditionsis 22 cyclespervisualdegree.There-
fore, technicallywe cansimulatethe lossof visual acuity only for
luminancebelow 0:5%. The irresohable detailscanbe removed
from animageby the corvolution with the Gaussiarkernelfrom
equation(4) wheres is calculatedasfollows [Wardetal. 1997]:

width 1
fov 1:86 RF(Y)

Sacu'ty(Y) = )

wherewidth denoteswidth in pixelsand fov is the horizontal eld
of view in visualdegrees.For typical obserationthewidth to fov
relationequals45 pixels. We plot the pro le of thekernel,accord-
ing to equation(4), for severalluminancevaluesin Figure5.

In Figure3 we shav the intensvenesof the lossof visual acuity
with respecto the luminancelevel. Apparentlythe lossof the vi-
sualacuity correlateswith theincreasingsensitvity of rods,andis
thereforepresenin the monochromatiwision.

2.5 Veiling Luminance

Due to the scatteringof light in the optical systemof the eye,
sourcef relatively stronglight causethe decreasef contrastin
their vicinity — glare. Suchan effect cannotbe naturally evoked
while perceving animageon a display due to differentviewing
conditionsandlimited maximumluminanceof suchdevices. It is
thereforeimportantto accounftor it while tonemapping.
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Figure5: Plot of the pro les of the Gaussiarkernelswhich canbe
usedto simulatethelossof thevisualacuity at differentluminance
levels.

The amountof scatteringfor a given spatialfrequeng r undera
given pupil apertured is modelledby an oculartransferfunction
[Deeley etal. 1991]:

1:3 0:.07d
OTF(rid)=ep 59 m1q w0

d(Y) = 49 3tanH0:4log;pY + 1)

In amorepracticalmannerthe scatteringcanbe representeth the
spatialdomainas a point spreadfunction. In Figure 6 we shav
pointspreadunctionsfor severaladaptinguminancdevels,which
werenumericallyfound by applyingthe inverseFourier transform
to equation(10).
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Figure6: Thepointspreadunctionillustratingscatteringof light in
the optical systemof the eye for severaladaptinguminancedevels.

Another model of the glare effect was introducedin computer
graphicsby Spenceetal. [1995]. They describethis phenomenon
with four point spreadfunctions linearly combinedwith three
setsof coefcients for different adaptationconditions(scotopic,
mesopicandphotopic). Sincetheir modelis comple, andit is not
obvioushow to applyit in continuouslychanginguminancecondi-
tions, we decidedto emplagy the modeldevelopedby Deeley at al.
[1991], which describeghe effect with onefunction, continuously
for all adaptatiorievels,andprovidesequallygoodresults.

2.6 Similarities in Spatial Analysis

Apparentlythelocaltonemappingthevisualacuityandtheveiling
luminancearebasednthespatialanalysisof animagemodeledus-
ing pointspreadunctions.At thesametime, a Gaussiampyramidis
requiredto performlocal tone mapping. Interestinglycorvolution
onparticularscalesorrespond$o the corvolution requiredto sim-
ulatevisualacuityandglareat variousluminanceevels. Thisis an
importantobsenationwhich allows to modeltheseeffectswithout

additionalimpacton the performance Therelationof which scale
from thetonemapping(Figure2) correspondso which convolution
for visualacuityandveiling luminanceis plottedin Figure?.
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Figure7: Therelationof which scalefrom the tonemapping(Fig-
ure2) correspondo which convolutionfor visualacuity (Figure5)
andveiling luminance(Figure6).

TheGaussiampyramidconstructedor the purposeof tonemapping
containsonly luminancevalues. Clearly this is sufcient to simu-

latethelight scatteringn theeye, but atthe rst glanceyvisualacu-

ity requiresto performthe cornvolution on all threeRGB channels.
However, it is visible in Figure3 thatthe noticeabldossof visual

acuity is presentonly in the scotopicvision wherecolorsare not

perceved. Sincewe simulatethe loss of visual acuity combined
with scotopicvision, we cansimulateit usingluminancechannel
only.

3 Algorithm

We presenamethodthatsuccessfullcombinesonemappingwith

the effectsmentionedn the previous sectionwhich we implement
in graphicshardware for real-time performance. We rst shav

someof our improvementsto the tone mappingmethodin terms
of perceved brightnessandluminanceadaptatiorprocessandthen
explain technicaldetailsof our hardwareimplementation.

3.1 Key value

The key value, explainedin Section2.1, determineswvhetherthe
tone mappedimage appearselatively bright or dark, andin the
original paper[Reinhardet al. 2002]is left asa userchoice.In his
follow-up paper Reinhard[2002] proposes methodof automatic
estimationof the key valuethatis basedon the relationsbetween
minimum,maximumandaveragduminancen thescene Although
the resultsare appealingwe feel this solutiondoesnot necessary
correspondo theimpression®f everydayperception.Thecritical
changesn the absoluteluminancevaluesmay not always affect
therelationbetweerthe threevalues. This may leadto dark night
scenesppearingoo brightandvery light too dark.

The key value, a in equation(1), takes valuesfrom [0: 1] range
where0:05 is the low key, 0:18 is a typical choicefor moderate
illumination, and0:8 is the high key. We proposeto calculatethe
key value basedon the absoluteluminance. Sincethe key value
hasbeenintroducedn photograply, thereis no scienti cally based
experimentaldatawhich would provide anappropriateelationbe-
tweenthe key valueandthe luminance,so the properchoiceis a
matterof experience.We thereforeempirically specifykey values
for severalillumination conditionsandinterpolatetherestusingthe
following formula:

2

a (Y) = 1:.03 W

(11



wherea is thekey valueandY is anapproximatiorof theadapting
luminance.Theplot of this estimationis shavn in Figure8.
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Figure 8: Key value relatedto adaptingluminancein the scene.
Referto Section2.1for details.

3.2 Temporal Luminance Adaptation

We model the temporalluminanceadaptationbasedon equation
(5). However, in our algorithmwe do not performseparateompu-
tationsfor rodsandconeswhatmakesit hardto properlyestimate
the adaptatiorspeedhaving two time constants ;g and tcone in-

steadof one. To accountfor this, andstill be ableto correctlyre-

producethe speedof theadaptationye interpolatethe actualvalue
of thetime constanbasedn the sensitvity of rods(equation?):

t(Y)= s(Y) trog+ (1 S(Y)) tcone (12)

which we thenuseto processhe adaptatiorvalue usingequation

®).

3.3 Hardware Implementation

In orderto performtonemappingwith perceptuakffects,we need
to composethreemaps: a local adaptatiormapfor the tone map-
ping, a mapof visible spatialdetailsto simulatevisual acuity, and
a map of light scatteringin the eye for the glare effect. We will
referto thesemapsasperceptualdata Becauselifferentareasof
thesemapsrequiredifferentspatialprocessingthey cannotbe con-
structedn onerenderingpass.Insteadwe rendersuccessie scales
of the Gaussiarpyramid and updatethe mapsby lling in thear

easfor which the currentscalehasappropriatespatialprocessing.

In the last stepwe usethesethreemapsto composethe nal tone
mappedesult.

Technically we implementour tone mappingmethodas a stand-
alonemodule,which canbe addedat the nal renderingstageto
ary real-timeHDR rendereror HDR video player The only re-
quirementis thatthe HDR frame is suppliedto our moduleasa
oating pointtexture,whatcanbe ef ciently realizedusingfor in-
stancepixel buffers. In additionto a texture which holdsthe HDR
frame,our modulerequiresto allocate ve texturesfor processing:
two texturesfor storingadjacentscalelevels, two for holding the
previousandthe currentsetof perceptuatiata(dueto the updating
process)andoneintermediateexture for the corvolutions. Since
thethreemapscontainonly luminancedata,we canstorethemin a
singletexturein separateolor channels.

The procesf renderingthe perceptuabatais illustratedin Fig-
ure9. We startwith calculatingtheluminancefrom theHDR frame
andmappingit to therelative luminanceaccordingo equation(1).
We calculatethe logarithmic averageof the luminanceY in the
frameusingthe down samplingapproacidescribedn [Goodnight
et al. 2003], and apply the temporaladaptatiorprocesgequation

HDR frame extract luminance
RGB (CIE.XYZ)
7 perceptual
data (i-1)

adaption map

update
perceptual data

local adaption

acuity map visual acuity

i glare map glare
" perceptial
data (i) ;

adaption map

acuity map

glare map

for scale i = 2...8

tone mapping
with perceptual +— SIEIZFNS
effects i

Figure9: lllustration of the renderingprocesgequiredto compute
the local adaptationyisual acuity and glare. The blue boxesrep-
resenthetexture dataandyellow boxesrepresentenderingsteps.
The renderingstepsmarked by a gray rectangleare repeatedor
eachscaleto successiely createthe coarseiscalesof the Gaussian
pyramid. After the renderingof eachscale the texturesrepresent-
ing the perceptuatiataandthe adjacenscalesareswapped.

5). Themapof relative luminancevaluesconstituteshe rst scale
of the Gaussiarpyramid. At eachscaleof the Gaussiarpyramid,
we renderthe successie scaleby convolving the previous scale
with the appropriateGaussianequationd). We performthe con-
volution in two renderingpasses:one for the horizontaland one
for the vertical corvolution. To increasethe performanceve em-
ploy down-sampling,wherethe factor of down samplingis care-
fully choserto approximatehe kernel. Referto Figure 10 for our
choiceof the scalingfactorsandthe correspondingpproximations
of the Gaussiarkernelsfrom Figure2. Having the currentandthe
previousscalesye updateheperceptuatlataonaperpixel basisin
a separateenderingpass. The local adaptatioris computedusing
the measuref the differencebetweerthe previous andthe current
scaleasdescribedn [Reinhardetal. 2002]. For theacuitymap,we
rst estimateheproperscalefor theluminanceof thecurrentpixel.
If it fallsbetweerthepreviousandcurrentscaleswe interpolatethe
nal valueandupdatethemap.In theothercasethe previousvalue
is copiedwithoutchange Themappingfrom luminanceto scalefor
visualacuity (Figure7) is cachedn alook-uptextureto skipredun-
dantcomputations We updatethe glaremapin the samemanner
with onedifference:the appropriatescalefor glaredependon the
adaptinguminanceandis uniform for thewholeframesowe sup-
ply it asa parameteto the fragmentprogram. Beforedescending
to thenext scaleof the Gaussiampyramid,thetexturecontainingthe
currentscalebecomeghe previous scale,andthe texture with the
currentsetof the perceptuatiatabecomeshe previousset.

After descendingdo the lowestscaleof the Gaussiampyramid, the
perceptuatlatatextureis complete.ln the nal renderingstep,we
tonemaptheHDR frameandapplythe perceptuaéffects. For this,
we useequation(3) from Section2.1in aslightly modi ed form to
accounfor thelossof thevisualacuityandtheglare:

Yacuty(X;Y) + Yglare(X )

L(xy) = 1+ V(xy)

(13)

wherelL is the nal pixelintensityvalue,Yacuiy is thespatiallypro-
cesseduminancemapthatrepresentghevisualaculity, Ygare is the
amountof additionallight scatteringn the eye, andV is thelocal
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Figurel0: Theeffective approximatior(solidlines)of theGaussian
kernels(dottedlines)from Figure2 dueto thedown sampling.The

valuesin parenthesishav thedown samplingfactorfor eachscale.
For scalet#1 we usethe originalimage.

adaptatiormap.Becausehe glaremapin factcontaingherelative
luminancefrom the appropriatescaleof the Gaussiarpyramid,we
estimataheadditionalamountof scatteringn thefollowing wayto
includeonly the contritution of the highestiuminance:

0:9
Yylare = Ygm 1 — (14)
glare gmap 09+ ngap

whereYgmg denotesheglaremapfrom the perceptuatiata.

We accountfor thelastperceptuagffect, the scotopicvision, while
applyingthe nal pixel intensityvalueto the RGB channeldn the
original HDR frame. Usingthefollowing formula,we calculatethe
tone mappedRGB valuesas a combinationof the color informa-
tion andthe monochromatiéntensityproportionallyto the scotopic
sensitvity:

2 3 23 2 3
46 5-46550 SO 45975 siv) (s)
BL B Y 1:27

wheref R__; G ; BLg denoteghetonemappedntensitiesf R; G; Bg

are the original HDR values,Y is the luminance,L is the tone
mappeduminanceands is the scotopicsensitvity from equation
(7). The constantcoefcients in the monochromatigart account
for theblueshift of the subjectve hueof colorsfor thenightscenes
[Hunt 1995].

An alternatve implementationof this tone mappingmethod, al-

though without perceptualeffects, was previously introducedin

[Goodnightet al. 2003]. They proposea methodto vectorizelu-

minancewhich allows for ef cient cornvolutionswith large support
kernels.However, we resignedrom their approactio corvolutions
mainly dueto performanceeasons- the real-timeperformancef

thisalgorithmfora512 512frameis reachednly whenthecom-
putationsarelimited to two scaleswhich is not sufcient to intro-

ducethe perceptuakffects. On the otherhand,the down-sampling
approachprovideshigherperformancewith sufcient accurag of

computations.

4 Results

We demonstrateur methodin combinationwith an HDR video
player The player rendersthe compressedHDR video stream
[Mantiuk et al. 2004] to a oating point texture, which is then
processedsdescribedn Section3.3. The sampleresultsof our

Figure 11: The sampleresultsof our methodshaving the simu-
latedperceptuakffects: glare(top image)andscotopicvision with
lossof visual acuity (bottomimage). The close-upin the bottom
imageinsetshows the areasaroundthe carin suchway thattheir
brightnessmatchto illustrate the loss of visual acuity The HDR
animation“Renderingwith NaturalLight” (topimage)courtesyof
Paul Debevec.

methodincluding the perceptualeffects are shavn in Figure 11.
The top image depictsa computergeneratedscenein moderate
lighting conditionswith strongillumination coming from behind
thetreesin the background.Sucha setupwould evoke a glareef-
fect in the real-world perceptionwhich is not visible when pure
localtonemappingis applied(left part). However, the accountfor
this perceptuabhenomenanot only contritutesto the realismof
the renderedmagebut alsoincreases subjectve impressionof
thedynamicrange(right part). The bottomimageshows a cardriv-
ing scenan daylight andat night. Two perceptuaphenomenare
typical to nightillumination: the scotopicvision andthelossof vi-
sualacuity Clearly, in the perceptuakone mappingof the night
scendright part),it is hardto distinguishthe colorsandthe overall
brightnesss low, whatsuggestshe low illumination of the scene.
Theinsetshavs a close-upof the carwith increasedrightnesgor
thenight scenego illustratethe simulatedossof visualacuity.

We measuredhe performanceof our methodon a desktopPC
with a Pentium42GHzprocessoandaNVIDIA GeForce6800GT
graphicscard. We give the time-slicerequiredfor the tone map-
ping with our methodat several frameresolutionsn Tablel. In a



320x240 | 640x480 | 1024x768
8 scales| 8ms(58Hz) | 25ms(27Hz) | 80ms(10Hz)
6 scales| 7ms(62Hz) | 21ms(30Hz) | 66ms(12Hz)
4 scales| 6ms(62Hz) | 16ms(30Hz) | 51ms(14Hz)

Table1: Time-slicerequiredfor the displayof an HDR frameus-
ing our methodat severalframeresolutionsandseveral sizesof the
Gaussiarpyramid. In the parenthesisye give the playbackframe
ratewhich we obtainedwith our methodpluggedto anHDR video
player (note that the resolutionalso affects the frame decompres-
sionspeed).

con guration with an HDR video player whereadditionaltime is
requiredfor thedecompressionf the HDR video streamwe were
ableto obtainthe playbackat 27Hz. It is importantto notethatthe
performancedf our solutionis scalable.If the time-slicerequired
for our methodis too long for a certainapplication,the numberof
renderedscalescanbe limited at the costof local performanceof
thetone mappingandthe accurag of the visual acuity processing
for verylow illumination conditions.

The main bottleneckin the performances causedby the amount
of contet switchingrequiredfor themulti-passenderingusingthe
pixel buffers extension. The currently developedframebuffer ob-

jectextensionto OpenGLmay provide animprovement becauseét

eliminatesthe needfor suchcontext switchingbetweertherender

ing passeshusreducingthe delays.Also, currentOpenGLdrivers
donotimplementinearinterpolationof oating pointtexturesdur-

ing theup-sampling Suchaninterpolationis crucialfor the quality
of theresultsandcurrentlyis implementedn thefragmentprogram
asanadditionaloperation.

In relation to the previous tone mapping techniqueswhich ac-
countedfor perceptuakeffects, our methodhasthe following ad-
vantageswe employ a local tone mappingtechniquethe percep-
tual effects are appliedlocally dependingon the luminancein a

givenarea,andwe male useof the apparensimilaritiesin spatial
analysishetweertheeffectsto provide avery ef cient implementa-
tion. Theimportanceof simulatingthe scotopicvision andtheloss
of visual acuity wasnoticedby Ferwerdaet al. [1996]. However,

they appliedtheseeffectsonly in the contet of global tone map-
ping with uniform intensity over the whole image. This may lead
to visible inaccuraciesvhena dark scenewith anareaof consider

ably brighterilluminationis processedin suchanarea thelossof

color would be unrealistic,andtoo low spatialfrequenciesvould

beremovedthere.Thisfactwasnoticedby Wardetal. [1997]who

proposedo apply the perceptuakffectslocally, still in combina-
tion with a globaltonemappingmethod.Yet, in their work eachof

the effectshasbeentreatedseparatelyandinvolved complex pro-

cessingwhat madeit inapplicableto real-timeprocessing.In the
attemptto provide aninteractve tonemappingsolution,Durandet

al. [2000] revertedto global applicationof the perceptuakffects,
whatin facthadthe samedravbacksasthe [Ferwerdaet al. 1996]

model.

Our real-timeimplementationeadsaswell to several constraints.
For instanceonly the tone mappingalgorithms,which male use
of the Gaussiarpyramid, canbe implementedn suchan ef cient
combinationwith the perceptuaéffects. Therefore pur framevork
is notappropriateor several differentapproacheo tonemapping
like decompositionnto intrinsicimagegDurandandDorsey 2002]
or contrastdomainalgorithmg[Fattaletal. 2002]. Also, morecom-
plex functionsfor glareeffect simulationmay not bene t from our
framework, if for instancetheir point spreadfunctionscannotbe
approximatedvith the suppliedGaussiarkernels.

5 Conclusions

In view of theincreasingapplicationof theHDR imagesandvideo,
we shaved how to processsuchdatain orderto be ableto render
themontypicaldisplaydeviceswith thesubstantiatloseof realism.
We stressout thatit is not only necessaryo reducethe contrastin
suchdata,but it is alsoequallyimportantto accountor thepercep-
tual effectswhich would appeaiin the real-world obsenationcon-
ditions. Owing to the obsenationthatthe perceptuakffectsshare
similaritiesin the spatialanalysisof the perceved imagewith the
tonemappingalgorithm,we wereableto ef ciently combinethem
into a stand-aloneenderingnoduleandreachedhereal-timeper
formance. The implementationof our methodcan be built upon
ary real-timerenderingsystemwhich outputsHDR framesor ary
HDR video player To demonstratehe importanceof the account
for perceptuakffects, we pluggedour methodto an HDR video
player whatleadto an enhancedealismof the displayedvideo.
We improved the standardnethodsof simulationof the perceptual
effectsby applyingthemlocally dependingntheilluminationin an
area,andby providing smoothtransitionbetweerdifferentadapta-
tion conditions.We ervisagethatin futuretheuseof suchamodule
will be standardn every real-timeHDR rendererandHDR video
player
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