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Abstract

We conducta seriesof experimentgo investigatethe desiedpropertiesof a tonemappingopetator (TMO) andto
designsud an opertor basedon subjectivedata. We proposea novel approadc to the tonemappingproblemin
which thetonemappingparametes are determinedasedon the datafromsubjectiveexperimentsyatherthanan
image processinglgorithmor a visualmodel.To collectthis data,a seriesof experimentsre conductedn which
the subjectsadjustthreegenericTMO parametes: brightnesscontrastand color satumation. In two experiments,
thesubjectsareto nd a) the mostpreferredimage withouta refeenceimage (prefeencetask)andb) the closest
image to thereal-worldscenewhich the subjectsare confrontedwith ( delity task).We analyzesubjects'choiceof
parametes to provide more intuitive control over the parametes of a tonemappingopemtor. Unlike mostof the
reseachedTMOsthatfocusonrenderingfor standad low dynamicrange monitors, we considera broadrange of
potentialdisplays.ead offering differentdynamicrange andbrightness\We simulatecapabilitiesof sud displays
ona high dynamicrange (HDR) display Thisallows usto addressthe questionof howtonemappingneedgo be
adjustedto accommodateisplayswith drastically differentdynamicranges.

Categoriesand SubjectDescriptors(accordingto ACM CCS) 1.3.8 [ComputerGraphics]:High dynamicrange

images,Visual perception;Tonemapping

1. Intr oduction

A greatvariety of tone mappingoperatorshave beende-
velopedin recentyears(referto [RWPDO0Y for a detailed
suney) in responsdo accessiblendsimple high dynamic
range(HDR) imageacquisitiontechnology A majority of
existing operatorsare designedo produceimagesthat just
“look good”. Some operators,especially those designed
speci cally for realisticimage synthesisapplications,use
modelsof brightnes®r contrasperceptiorto achieze agood
matchbetweertheimages appearancandthe correspond-
ing real-world sceneln practice gachoperatomboilsdovn to
animageprocessinglgorithmthat transformsHDR pixels
into their LDR counterpartsising eithera monotonicfunc-
tion with respectto the HDR pixel intensity (global oper
ators)or a more comple relationthat involveslocal pixel
neighborhoodconsiderationglocal operators) While new
tone mappingoperatorsare proposedthereis little under
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standingwhethertheir improvementsand additional com-
plexity really leadto betterimageslt turnsoutthatit is dif -
cultto selectoneexisting operatothatconsistentlyperforms
thebestin termsof userpreferencesr delity totheoriginal
sceneappearancéor all HDR image§ RWPDO0S.

Evaluationof tone mappingoperators(TMO) is an ac-
tive researctareal DMMS02,KYJF04, LCTS05 YBMSO05],
which at the currentstageis morefocusedon choosingcor-
rect psychoplgsicaltechniqueghanon providing ary clear
guidanceasto how existing operatorshouldbeimprovedto
produceconsistentlyhigh quality images All existing eval-
uationmethoddreateachtestedTMO asa “black box” and
its performanceils comparedwith respectto other opera-
tors,withoutexplainingthereasonsinderlyinghumanjudg-
ments.While someevaluationmethodsgo one stepfurther
and attemptto analyzethe reproductionquality of overall
brightnessglobal contrast,and details (in dark and bright
imageregions)[LCTS05 YBMSO05], but again they arefo-
cusedon comparingwhich operatoris betterfor eachof
thesetasks.Thosestudiesdo not provide ary deepetanaly-
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sisasto how pixelsof anHDR imagehave beentransformed
andwhatthe impactof sucha transformatioris on desired
tone mappedimage characteristic§DZB05]. Anotherim-
portantquestionis how the outcomeof the transformation
depend®ntheparticularHDR imagecontent.

In all discussecdevaluation experimentsonly one set of
parameterper TMO andper HDR imageis consideredn
order to reducethe numberof imagesthat must be com-
paredby subjects.The choiceof the parametersnay dra-
matically affect the appearancef tonemappedmagesand
thusthe performanceof a TMO. Experimentereommonly
setsuchparameterdasedon their choiceor a small pilot
study which may leadto the resultsthat are biasedby the
choicef alimited numberof subjectsSometimesheorig-
inal authorsof TMOs areasledto preparé@magesaccording
to their preferencesince“they shouldbe the bestquali ed
to getthe bestresults”.However, differentpeoplemay have
differentideasconcerningthe preferredimage appearance
and the meaningof “the bestresults” can be fuzzy. Even
the calibrationof the displayusedfor imagetuningandthe
actualexperimentcan affect the results.A limited number
of TMOs offer a methodof anautomaticparameteestima-
tion (e.g.[Rei02 RDO0Y). However, theseestimationmeth-
odsrely mostlyonthe authorsobsenationfor a smallsetof
imagesor the practicesborraved from photograpl, rather
thana studywith alarge numberof imagesandsubjects.

A standardpool of HDR imagesfor tone mappingeval-
uation hasbeenrecently proposed Joh03, but a common
practicefor every experimenteiis to rely on his own version
of tone mappedimages,which malkes cross-comparisonf
theresultsfor independenévaluationsdif cult.

Another commonproblemis averagingthe experimen-
tal resultsacrosssubjectsbasedon low-crosssubjectvari-
ability. This lack of variability can often be causedby the
choicesimposedon the subjectsby the experimentdesign,
which doesnot offer ary possibility of adjustingthe image
appearancto the subjects real preferencesvithin available
rangeof parameter®f the testedTMOs. The net resultof
publishedstudiess thatthey oftenpresentontradictoryre-
sultsevenif the sameHDR imagesare used.Someopera-
torsshavn asperformingtheworstin oneexperimentobtain
thetop scoresn anotherexperiment.This suggestshatthe
TMO evaluationmethodologyshouldbeimproved.

In this work, insteadof proposinga nev TMO andthen
running the subjectve evaluationto shav thatit performs
better than the other operators,we take the oppositeap-
proach.We want to rst identify the output tone charac-
teristicsthat lead to perceptuallyattractve images.There-
fore, we startfrom measuringhe subjectve preferenceand
the perceptionof delity for imagesproducedby a generic
TMO, whosecharacteristiand parametersre well under
stood.Ourgoalisto nd someuniversalrulesthatfacilitate
a designof the TMO that consistentlyproducespreferred
imageappearance.

In thisrespecttherearesomesimilaritiesof ourapproach
goals with more fundamentalresearchin psychopgsics,
which raisesthe issueof imageappearancgreferencesas
a function of variousimage characteristicsFor example,
Fedoraskayaet al. [FAB97 report that the relation be-
tween preferenceand colorfulnesshasa shapeof inverted
“[ " with the maximumpreferenceachieved for color satu-
rationincreasedy 10%—20%in respecto the original im-
age.Similar resultsareobtainedfor contrastandbrightness
manipulationl JRW02]. Higher color saturatioris neededo
compensatéor reducedbrightnessof a displayin orderto
achieve more naturalimage appearanc¢deR96. The pre-
ferredmeanluminancedevelsarefoundfor imageshatcon-
tain humanfaces[DZBO05]. Imagepreferencesvith respect
to colorfulnesscontrasiandbrightnessarestudiedin digital
photograpl [SELOQ.

Whatmakesour studydifferentfrom this fundamentate-
searchwhichis motivatedby theapplicationf colorrepro-
ductionin televisionandphotograply, is thatwefocusonthe
particularproblemof tonemappingHDR imagesfor abroad
rangeof displaydevices.For this purposewe usein our ex-
perimentHDR imageswhicharedisplayedonanHDR dis-
playwith fully controllableminimumandmaximumdisplay
luminancevalues.Thereforewe caninvesticatemuchwider
dynamicrangethanis possibleusing traditional LDR dis-
playsandneutraldensity Iters.

2. Experimental Design

We conductedwo experimentonanHDR displayto assess
how peopleadjustthe settingsof a TMO. In Experimentl,
the subjectsveregiventhetaskof adjustinganHDR image
shavn onthe HDR displaysothatit lookedthebestin their
opinion.In Experimen®, thesubjectssatin frontof anHDR
displayshawving animageandthe correspondingeal-world
sceneTheirtaskwasto adjusttheimageto achieve theclos-
estreproductiorof the real-world sceneon the display Ad-
ditionally, in Experiment2 we simulatedseveral potential
displaydevicesby limiting thelowestandhighestuminance
outputsof the HDR display

2.1. Subjects

Therewerein total 24 individual participantsn two experi-
ments Four of themwerefemaleandtherestweremale.The
rangeof theiragewas24— 46 yearsandtheaveragewas28.
All of themreportednormalor correctedto normalvision.
All but two subjectswere not aware of the purposeof the
experiments Eight subjectstook partin both experiments,
theothersin only oneof them.Experimentl wascompleted
by 15 subjects Experiment2 involved a separatesetupfor
eachof threereal-word scenesthereforel3, 7, and 6 sub-
jectscompletecExperiment2 for eachsceneaespectiely. A
singlesessiortook approximately20 — 30 minutesfor both
experiments.

¢ TheEurographicfssociationandBlackwell Publishing2006.
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2.2. Stimuli

Experimentl employed25HDR imagescommonlyusedfor
testingTMOs (seeFigurel1). Therewerel4 outdoorscenes,
9 indoor scenesand2 CG renderedscenesWe did not in-
cludeimagesof peopleor animalsin thetestset,sincethese
arerarefor HDR images Someof theimagesdepictedday-
time scenesthe othersnight or eveningscenesTheimages
weredisplayedin their original resolutionor scaledto the
resolutionof the HDR displayif they weretoo large.

#1(3.08)

; l #20(2.60)
#19(3.54)

#24(3.16) #25(3.48)

#21(2.98) #22(4.25)

#23(3.84)

Figure 1: 25 HDR images usedin Experimentl. They
are numbeed 1-25 and their dynamicranges are shown
in parentheseén decimal-lgarithmic units. Their dynamic
ranges are computedusing the pfsstat  commandfrom
pfstools.TheDrago TMO [ DMACO3 is appliedfor thecon-
venienceof view.

Figure 2 shawvs the HDR imagesusedfor Experiment2.
Thesearethe HDR photograph®f our experimentalscenes
that we setup next to the HDR display Eachof the three
HDR imageswas createdusingthe multiple exposuretech-
niguefrom 15 low dynamicrangeimagestakenwith a Ko-
dak ProfessionaDCS560 mountedon a tripod. We used
Robertsors method[RBS99 implementedn the PFScal-
ibration softwareto calibratea cameraandcreatethe HDR
images.We selectedhe lens (CANON EF 50mm)andthe

¢ TheEurographic#ssociationandBlackwell Publishing2006.

position of the camera,so that the image displayedon the
monitorcloselymatchedhereal scene The subjects view-
pointwasnot restrictedandthe setupallowed themto have
comfortableviewing of both the real sceneandthe display
from the distanceof about1.5 timesscreerheightfrom the
HDR display Images26 and27 (theleft andthe middleim-
agesin Figure2) containthe sameobjectlayoutbut differ in
thelighting condition.Both scenesverelit with the800Watt
HMI lamp (JOKER-BJG 800), which gave approximately
daylightillumination. For Image27, the lamp was covered
by the diffuser (Lightbank)to decreaséhe intensity of the
light source As shawn in Figure 2, the absolutduminance
valueswerevery differentwith or without a diffuserfor the
HMI lamp. The table setupin Images26 and 27 included
a MacBeth Color Checler™, an 18% re ective gray card
andseveralobjectsrangingin theirre ectancefrom blackto
white. The experimentalsessiondor all imagesexceptim-
age28wereconductedn theroomwhoselighting condition
couldbefully controlledandwassetto atypical darkof ce
illumination (64 lux). In the pilot studywe veri ed thatthe
level of ambientlight doesnot have a signi cant in uence
ontheresults.For Image28, the experimentwasconducted
with naturallight andcompletedwithin two hoursin the af-
ternoonunderstableweatherconditions.

129. 5cd/m~2 2. 171cd/m"2 19.23cd/m"2 173, 3cd/m"2

12. 71cd/m”2

\
9. 623cd/m"2

3,193 cd/m”2 148, 7cd/m~2

1
1,341 cd/m”2 387.2cd/m”~2 90.17cd/m"2

#26(2.62) #27(2.68) #28(2.19)

Figure 2: ThreeHDR imagesand several measuementof
luminanceof thereal scenesTheir dynamicrangesin logy o
unit are also shownafter eady numberof theimages.These
imageswere shownto the subjectswith their corresponding
real-world views in Experiment2 and without refeenceas
donein Experimentl. The Drago TMO [DMACO0]J is ap-
plied for the corvenienceof view.

Theimagesvereshavn ontheBrightside18”°LED-based
HDR display [SHS 04] which consistsof an LCD panel
(1,280 1;024 pixels)anda matrix of 760 separatelycon-
trolled white LEDs, acting as a back light. The minimum
and maximumluminancelevels of the displaywe usedfor
the experimentswvere0:2 and3; 000 cd=m2, which gave the
maximum dynamicrangeof 4:18 log-10 units. The HDR
monitorwascalibratedoy measuringts luminanceresponse
for arangeof input valuesusingthe MINOLTA LS-100Iu-
minancemeter Then,the measuredalueswereusedto cre-
ateaninverselookup table,which wasusedby the display
driver. Thedisplaydriverwasimplementedn graphicshard-
wareasafragmentprogranto allow for real-timeinteraction
with images.

Although tone mappingof imagesfor the HDR display
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Figure 3: lllustration how the generictone mappingmodi-
es theimage histagram (seeEquationl).

mayseenlik e afutile exercisewe foundseveralreasonsgor
thisapproachFirstly, we wantedto checkif tonemappingis
necessarjor HDR displaysandif it is so,whatkind of tone
mapping For thisreasonwe includedseveralimagesvhose
dynamicrangeexceededhe dynamicrangeof the display
(referto Figure 1). Secondlywe in factarti cially limited
minimumandmaximumluminanceof thedisplayin theex-
perimentsasdescribedater (althoughmostof the datahas
beencollectedfor the full dynamicrange).We alsodid not
wantto usedifferentdisplaysof differentcolorcharacteristic
in theexperiments.

2.3. Generic Tone Mapping

The purposeof our psychoplysical experimentsis to col-
lect datafrom humanobserersto determinewhat are the
desiredor importantpropertiesof a TMO. This knowledge
shouldhelp in the designof nev TMOs or automaticpa-
rameterestimationfor the existing TMOs. Sinceexamining
all possibleTMOs is not feasiblein an experimentalsetup,
we consideronly a global TMO that involves linear scal-
ing andshifting of color valuesin the logarithmic domain.
Eventhoughthisis probablythesimplesfTMO thatis practi-
cally used,jt canmimic thebehaior of mary global TMOs,
suchas[Tum99(Appendix A) or [FPSG98§, andis in fact
a partof ary TMO thatrequires‘gammacorrection”,such
as[RSSFO0?2 (sincea pawer functionthatis usedin gamma
correctioncorrespondso linear scalingin the logarithmic
domain).Many TMOs produceoutputpixel valuesin anar
bitrary range which mustbe linearly scaledor shiftedto t
thedynamicrangeof adisplay(e.g.[FLW02,DD02,RD05).
FortheseandotherTMOs suchscaling(contrasedjustment)
andshifting (brightnessadjustmentpperationsareessential
for the nal appearancef a tone mappedimage and are
thereforeanalyzedn thiswork in moredetail.

ThegenericTMO we usein the experimentds described
with three parametersbrightness contrast,and saturation
of color. Brightnessandcontrastparametersire considered
as an offset of luminanceand as a differencebetweenthe

maximumandminimum luminancevalues respectrely. To
adjustcolor saturationcolor coordinatesreinterpolatedor
extrapolatedbetweenthe original pixel color andits corre-
spondingluminancevaluefor the D65 white point. All ad-
justmentsare performedin the logarithmic domainto ap-
proximatenon-linearresponsef the humanvisual system
to light. Formally, the TMO canbe modeledas

IoglORO: c log;gR+ b; (1)
logyoY®= 0:2126l0g;,R%+ 0:71520g,,G"
+ 0:07220g,,B" @)

log;oR*%= log;oY%+ S(logyoR°  logyY9) 3)

whereb, ¢, ands arebrightnesscontrastandcolor satura-
tion parametersespectiely, YYis the new luminancevalue,
and R%is the outputred channelvalue. Equations(1) and
(3) areappliedfor greenandblue channelsn the sameway
asfor the red channel Note thatY?is an approximationof

luminance,which is usedfor our corvenience(luminance
shouldbeaweightedsumof linearinsteadof logarithmicR,

G andB coordinates)To assurehatthe adjustmenbf con-
trasthasa minimum impacton the perceved brightnessof

ascenethepixelsof eachHDR imageweremultiplied by a
constanffactot sothatthe medianluminancevalueof each
imagewasY = log;o(1) = 0. Thisway themultiplicationby

the contrasparametem Equationl “stretched”,but did not
shiftimagehistogram Thisis illustratedin Figure3.

2.4. Experimental Procedure

The two psychoplysical experimentswere conductedwith
andwithout referencescenesrespectiely. For both exper
iments,eachHDR imagewas shavn on the HDR monitor
oneafteranothemwith a userinterfacethatallowedthe sub-
jectsto interactively adjustparameterof brightnesscon-
trast,and color saturationusinga mouse.The rst two pa-
rameteravereadjustedusinga 2D sliderinterfaceandcolor
saturatiorwas adjustedusinga 1D slider asshavn in Fig-
ure4. Sincewe foundin the pilot studythatbrightnessand
contrastaredif cult to controlseparatelywe decidedo use
a 2D sliderthatwould allow adjustmenbf both parameters
atthe sametime. In Experimentl, the subjectswere asked
to adjusttheseparametersintil themostpreferredreproduc-
tion of eachHDR imagewas achieved in their own opin-
ion without referenceimages(preference)ln Experiment
2, their taskwasto achieve the closestreproductionof the
real-world view ( delity). They wereasledto reproducehe
detailsof all objectsin an HDR imageas seenin the real
sceneand,if possibleto adjustthe HDR imagebrightness
to matchtherealscene.

The parameter®f brightnesscontrast,andcolor satura-
tion of thegenericTMO (referto Section2.3) wereallowed
to be adjustedwithin the rangeof -3.0—5.0,0.1-4.0,and
0.1 - 4.0 respectiely. Before startingthe experimentsthe
rangeswere checled to be large enoughto reproduceev-

¢ TheEurographicfssociationandBlackwell Publishing2006.
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Figure 4: A screenshobf the userinterfaceusedin our ex-

perimentsThehorizontaland vertical axesof the 2D slider

(bottomright) adjustbrightnessand contrast, respectively
ThelD slider above changescolor satumtion.

erything from very dark/lov contrastimagesto extremely
bright/highcontrasimageswith color settingsrangingfrom
grayscaleo color-saturatedmage.

While Experimentl was conductedusing the full dy-
namicrangeof the HDR monitor (0.2 — 3,OOOcd:m2), in
Experiment2 we restrictedthe minimumandthe maximum
luminanceof the HDR displayto simulatea rangeof po-
tential displaydevicesaslistedin Table 1. Additionally, for
eachsimulateddisplay the subjectswere given a question-
nairesheeto markthescoreof its reproductionyhich could
be “good” (3), “average”(2), or “poor” (1). The subjects
were naive asto what technicallydiffersin eachof the 14
dynamicrangeandbrightnessettings.

# Dmin - Dmax # Dmin - Dmax
1 0.2 - 3,000 8 1.0 - 3,000
2 0.2 - 80 9 80.0 - 1,000
3 0.2 - 200 || 10 80.0 - 3,000
4 0.2 - 1,000| 11 200.0 - 1,000
5 1.0 - 80 || 12 200.0 - 3,000
6 1.0 - 200 (| 13| 1,000.0 - 3,000
7 1.0 - 1,000| 14 0.2 - 3,000

Table 1: Therange of theminimumandmaximumuminance
valuesof the HDR displaythat simulategpotential displays
(givenin cd=m?). Notethat the dynamicrange betweer0.2
and 3,OOOCd=m2 wasusedtwicein thetestto validatecon-
sistencyof theresults.

Finally, anotherexperimentwas conductedwith Images
26 — 28 and four subjectsusing the sameprocedureasin
Experiment2 but the taskwasto adjustparameterso their
preferencdasin Experimentl) andno referencescenewas
given.Thedetailsandthe supplementainaterialson the ex-
perimentareavailableat[wel.

3. Resultsand Discussion

The resultsfor both experimentsare summarizedn Fig-
ure5. Theplot shawvs alarge variancein the preferredTMO
parameterswhich indicatesthat the subjectsuseda broad

¢ TheEurographic#ssociationandBlackwell Publishing2006.

rangeof possibleparametersThereis alsoa strongcorre-
lation betweerbrightnesaindcontrasparametersThe con-
trastparameters biasedowardanenhanceaontrasi{c> 1
in Equation(1) indicatesthat the contrastwas higherin a
tonemappedmagethanin anoriginalimage).

Preliminary screeningndicatesthat the resultsfor Sub-
ject 22 are signi cantly differentthanfor the other partic-
ipants(probablydueto improperuseof the userinterface)
andthereforethis datais removed from the furtheranalysis
(markedasblue' ‘esin Figureb).

We ranthe multivariateanalysisof variance(MANOVA)
to testmaineffectsof subjects'genderandexpertiseon mea-
suredparametersTheF distribution anda probabilityvalue
p, which is derived from F, areusedto determinewhether
thereis a statisticallysigni cant differencebetweerpopula-
tions of samplesThe higher p value,the morewe canbe-
lieve thatthe populationsof samplesrenot statisticallydif-
ferent.In ourexperimentthegendedifferences notsignif-
icant(F(3;496) = 1:187,p 0:05andF(3;360 = 1:970,
p 0:05for Experimentd and2, respectiely) asp > 0:05
shaws that the differencebetweenpopulationsof samples
(male and femalein this case)is not statistically signi -
cant. Two peoplewere aware of the experimentpurpose,
and thereforethey were consideredas experts. The popu-
lation meansof experts and non-experts are however not
signi cantly different (F(3;496) = 0:3237,p  0:05 and
F(3;360 = 2:2304,p  0:05for Experimentsl and2, re-
spectvely). Thereforewe analyzeall collecteddatatogether
in thefollowing sections.

To betterunderstandhe sourceof large parametewari-
ations,we plot brightnessand contrastparametersettings
separatelyfor several selectedsubjectsandimagesin Fig-
ure6. Similar plotsfor all subjectsandimagescanbefound
at [wel]. The left paneof Figure 6 shavs that the settings
cansigni cantly differ betweensubjectsrangingfrom the
preferencdor high contrastandlow brightnesgSubject6)
to the oppositepreferencdor low contrastout brightimages
(Subject2). The signi cant differenceof subjects'settings
is statistically establishecoy MANOVA (F(52;18728) =
10:7864,p< 0:05andF(64;13490) = 7:6678,p< 0:05for
Experimentsl and2). We canexpectthattwo differentindi-
viduals have differentnotionsof a perfectimage,therefore
the TMO settingsmustbe affectedby the subjects tastes.
Thisis animportantobsenationwith severalconsequences.
Firstly, a TMO designedo renderthe bestlooking images
shouldaccountfor the users tastesfor exampleby offer-
ing useradjustableparametersSecondly whenranking or
assessingerformanceof TMOs in subjectve experiments
(e.g.,[LCTS0Y), thesubjectve in uence shouldbetakenas
afactorin theanalysissincetwo differentsubjectsarelik ely
to proposewo differentTMO rankingsif they differ in their
tastesFinally, we cannotaverageparametesettingsacross
all subjectdor furtheranalysis sincethoseparametersig-
ni cantly differ acrossndividuals.
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Figure 5: Theresultsfor all images,all subjectsandfor the full dynamicrange of the display(red'+'). Onesubjectregarded

asanoutlier is markedwith blue' ‘es.

More consisteng in the parametersettingscan be ob-
sened acrossimages.The centerand right panesof Fig-
ure 6 shav thatboth parameter$ollow a similar line of de-
creasingcontrastand increasingbrightness While the im-
agesfollow the similar patternof parametersettings,the
populationmeansof the parametersare signi cantly dif-
ferent(F(72;14144) = 7:6420,p < 0:05andF(6;718 =
17:1307,p < 0:05for Experimentsl and?2). This indicates
thatthe TMO settingsareaffectedby imagecharacteristics.

3.1. Contrast and BrightnessPreference

To understandvhat the subjects'motivation for the choice
of contrastand brightnessparametersvas, we plot the his-
togramsof the resultingimagesin Figure 7 (the histograms
for moresubjectsanbefoundat[wely]). Althougheachsub-
jectadjustedhesamamagein differentways,heor shealso
followed a similar schemenvhenchoosingTMO parameters
for all the images.For example, the histogramsresulting
from the adjustmentof Subject6 are always more spread
out thanfor the othersubjectsThis would indicatethatthe
magnitudeof contrastenhancemenis correlatedwith the
tastesof anindividual. Additionally, thereis anotherinter-
estingobsenationwhich seemgo be consistenaicrossoth
allimagesandall subjectsthedisplaymaximumluminance,
above which pixelsareclipped,falls into approximatelythe
samepartof the histogram(seethe blueverticallinesonthe
right of eachplotin Figure7). Thisindicateghatpeopletend
to “anchor” thebrighterpartof animageto thedisplaymax-
imum luminance andthenthey extendor compresontrast
in the direction of lower luminanceto getthe bestlooking
image.

It isinterestingo seewhetherthesameobsenationcanbe
generalizedo a broadrangeof displaysor if it is applicable
only to anHDR display We plot histogramsn Figure 8 for
a singlesubjectandsingletone mappedmagebut for sev-
eral simulateddisplaysof differentbrightnessanddynamic
ranges.The gure clearlyindicatesthat subjectsadjustim-
agesfor the capabilitiesof a display but they also follow
thesameschemeaasfor theHDR display(0.2—3,000:d=m2)
— they mapapproximatelythe samepart of the histogram

to the maximumluminanceof the display and then adjust
contrast.

3.2. Impr oved Tone Mapping Algorithm

The motivation for remodellinga TMO is to provide new
parameterghat would be more intuitive to use.As men-
tioned earlier the settingsfor contrastand brightnessare
strongly correlated.An averagecorrelationcoefcient for
all imagesandbothexperimentdis R= 0:7217 0:1622.
This suggestshatboth contrastandbrightnesscould be re-
placedwith parameterthatdo notexhibit suchstrongcorre-
lation andarethereforeeasierto controlby theusersin the
caseof contrastandbrightnessthe 2D slideris usuallyad-
justedalongaslantedine (referto Figure6 centerandright),
whichis neitherintuitive nor convenient.A betteruserinter-
facewould usedecorrelategharameterssothatthe subjects
could eitherusea simpler1D slidersor move the 2D slider
alongthe axesinsteadof a slantedine.

In Section3.1, weanalyzedandidenti ed thestrat@y that
the subjectsusefor adjustingTMO settings Now, we shav
thatthis stratgly canbe modelled.We rewrite Equation(1)
as

log;oR°= ¢ 10g;o(R=Ymax) + 10G;o(Dmax) 4)

where Ymax is the maximumluminancevaluein animage
thatwe wantto reproduceon a display which we call “an-
chor white”. The sameformula is usedfor the blue and
greenchannels.The above equationmimics the operation
performedby the subjectsin our experiments.Firstly, the
formula extendsor compressethe imagehistogramby the
scalefactorc to theleft sideof theanchorwhite Ymax. Then,
the anchorwhite is shiftedto the display’s maximumlumi-
nanceDmax. Notethatwe usethe samecontrastparametec
asin Equation(1), but we replacethe brightnesgparameter
b with theanchomwhite Ymax.

To betterunderstandhow Equation(4) relatesto theorig-
inal contrastand brightnesgparametersye plot a function
of c assumingonstantmax. Firstly, we nd therelationbe-
tweenb andDmax from Equationg1) and(4) as

b= 10g;9(Dmay € 10g;0(Ymax): (®)

¢ TheEurographic#ssociationandBlackwell Publishing2006.
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Figure 6: Thecontrast—brightnesselationfor threeselectedsubjectyleft) andimages(center— Image 1; right — Image 13).
Bothcontrastandbrightnesssettingsdiffer signi cantly fromsubjectto subjectand fromimage to image.

Image 4 Image 10

12

Subject

Subject 6

ct13

Subje

Figure 7: Thehistogramsof Imagesafter the subjects'brightnessand contrastadjustments- datafrom Experimentl (the full
dynamicrange of a display: 0.2—3,000:d:m2). Theblue vertical lines denotedisplayminimumand maximumuminance The
horizontalaxisis scaledin log luminanceunits. The subjectddiffer in their adjustmentbetweeread other but ead subject

followshis or her tastesconsistentlyfor all images.

Secondlywe choosewo imageqImagesl and10in thisex-
ample)and nd the medianpercentagef the clippedpixels
C (seethethird row of Figure9) in orderto comput€Ymax:

Ymax= percertile(Y;100 C) (6)

whereY is asetof luminanceor luminancefactor)valuesof

thepixelsin animage.Notethattheabove formulagivesthe
locationon the histogramfor a given percentagef clipped
pixels C. We usethe computedYmax the maximumlumi-

nanceof the displayDmax= 3;000cd=n? andEquation(5)

to plot thefunctionof ¢ asa continuousnagentdine in Fig-

ure 6 (centerandright). The importantobsenation is that
the plotted functionsfor both imagesapproximatewell the
correlatiorbetweercontrastandbrightnesparametersThis

indicatesthat the largestvariationsbetweensubjectsin the
resultingimagesare dueto differentselectionsof contrast
parametec while theanchomwhite Ymax doesnotvary much
betweersubjects.

We intentionally namedthe parameterYmax as “anchor
white” to referto thelightnessperceptiortheory[ GKB 99].

¢ TheEurographic#ssociationandBlackwell Publishing2006.

Accordingto this theory the humanvisual systemassesses
the lightnessof an object basedon the anchorluminance
value,which actsas a referencefor a white re ective sur
face.Suchanchorluminancedoesnot needto be the high-
estluminancein animage.This is especiallytrue for the
sceneghatcontainself-luminoussurfaces suchaslights or
the sun. The theory postulateghat a “common denomina-
tor” for lightnessestimationis a white re ectance,instead
of gray, oftenusedin photograph. Ourexperimentcon rms
this since“anchoring”re ectancewhite to themaximumlu-
minanceof a displaywasa dominantstratey for adjusting
the TMO settings.

The linear TMO we obtainin Equation(4) is easierto
control thanour original one, sinceboth parameter®f the
contrast andtheclippinglevel Ymaxmodify independenas-
pectsof imageappearanceMoreover, if wetransformEqua-
tion (4) from the logarithmic to the lineardomain,we have
thefollowing formula:

ROZ Dmax (R:Ymax)c: (7
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Figure8: Thehistagramsof Image 1 after Subjectl brightnessandcontrastadjustments-datafromExperimen®. Thenotation

is thesameasin Figure 7.

This re-parameterizetbrm of the original TMO formula
from Equation(1) is similar to a global contrastadjustment
operatior?, emplo/ed asa nal-cut in mary TMOs andas
enhancementperationin imageediting software. The im-
portanceof Equation(7) comedrom thefactthatwe derived
this formula basedonly on the analysisof the datawe col-
lectedin our experimentwithout ary prior assumption®n
the parametersf the tone reproductionfunction. We have
shavn thattheuserdry to adjustthe TMO parameteralong
theparametec, evenif they have a non-standardiserinter
faceasusedin our experiments Moreover, we have shavn
thatthe sameformulais valid for a broadrangeof display
devices,rangingfrom dark CRT monitorsto HDR displays.

3.3. Image and SubjectIn uence on TMO Parameters

We analyzehow contrast,color saturationandthe percent-
ageof clippedpixelsin dark andbright regions(dependent
variables— DV) differ betweensubjectsandimages(inde-
pendentvariables— IV). We wantto nd out which of the
two DVs is responsibldor thelargevariancen thelV.

Thevariationsof the DVs with respecto thelVs aresum-
marizedin Figure9. Note thatwe do notincludethe bright-
nessparametein this gure. This is becauseédrightnesss
strongly correlatedwith contrastandit is alsofully deter
mined by contrastand anchorwhite as describedin Sec-
tion 3.2 Anchorwhite, on the otherhand,is relatedto the
percentagef pixelsclippedin brightregions(referto Equa-
tion (6)).

From a rst look at Figure 9 we can concludethat all
four DVs aresigni cantly differentbetweerimagesandsub-
jects.Thisis con rmed by thetwo-way analysisof variance

Y Theoperatiorfrom Equation(7) is sometimesonfusinglycalled
gamma-corection However, sincetheoriginalmeaningof gamma-
correctiondenotescompensatinghe non-linearyof CRT monitors,
using this term in the context of image enhancementnay not be
appropriate.

(ANOVA) for the main effects of the subjectsand the im-
ages,which are run separatelyfor eachDV (7:07< F <
74:21, p < 0:001). Contrastvaries more betweensubjects
than images(seethe rst row if Figure 9) andis proba-
bly determinedmostly by subjects'personaltastesas dis-
cussedn Section3.1 Color saturationandthe percentage
of clippedpixelsin the dark regions (rows 2 and4 in Fig-
ure9) donotshaw ary consisteng betweerthesubjectsand
theimagesandthereforeit is not possibleto drav arny con-
clusionfor theseparametersThe third andthe fourth rows
of Figure9 (notethe differencein the scaleusedfor these
plots)shaw thattherearesigni cantly morepixelssaturated
in darkregionsthanin brightregions.This suggestshatthe
subjectsprefer sacri cing a signi cant portion of the dark
part of an HDR image, probablyin orderto improve con-
trast. Thesametendenyg canbeobseredin Figure7, which
shaws that Subjects6 and 13 decidedto pusha large part
of the histogrambelow the minimum luminanceof the dis-
play, while preservinghe brightestpixels. This obsenation
suggestshat TMOs shouldfollow a similar patternandsat-
uratemorepixelsin thedarkregions.Thisis contraryto the
mostcommonapproactemplo/edin mary TMOswherethe
samenumberof thedarkestandbrightestpixelsareclipped.
SuchTMOs do not producethe bestresultsif they do not
provide an adjustmentfor the numberof pixels clippedin
darkregions.

Conclusionon the measured/aluesof clippedpixelsin
brightregionscanbedrawvn directly from theactualimages.
We obsenedthatthe mostpixelsareclippedfor theimages
that containlarge bright objectswhich shouldappearself-
luminousin the reproduction|ike the sky in Imagesl, 7,
16,25 and 28, or the sunin Image24 (referto Figure 1 for
imagesand Figure 9 for the magnitudeof clipping). Then,
follow theimagesthat containsmall self-luminousobjects,
suchas Christmaslights in Image 15 and the imagesthat
depictdarkscenesvithoutself-luminousobjects(iImagesl 2
and 27). Thereis alsolessclipping for the imagesof low
dynamicrange(Images3, 11 and20).

¢ TheEurographicfssociationandBlackwell Publishing2006.
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Figure 9: Thevariation of the DVs (contrast, color saturation andthe percentaye of clippedpixelsin bright anddark regions)
with respecto the Vs (imagesand subjects)- datafromthe experimentsn which full dynamicrange of the HDR displaywas
used.Only 15 subjectgarticipatedin theseexperimentsimagesare numbeedasin Figure 1 andFigure 2. TheNotation:red
lines—median;blueboxes- spanningrom25thto 75thpercentile; whiskers — minimumand maximunmvalueswithoutoutliers;

redcrosses- outliers.

3.4. ChoosingDefault TMO Parameters

User adjustedTMO parametersre not desirablein mary

applicationsandit would be helpfulif their valuescouldbe

automaticallyfound at leastto rendera “bestguess’image.
Wewantto checkif thereis ary correlationbetweertheDVs

(the TMO parametersiindthe IVs, sothat,for example,an

image characteristiccan predictthe valuesof contrastand

thepercentagef clippedpixelsin thebrightregions(needed
to computeanchomwhite Ymay). If we nd suchacorrelation,
we canproposea methodto automaticallychooseTMO pa-

rameters.

Although an algorithm cannotpredict a users tastes,it
may be possibleto guesssomeTMO parameterdasedon
thecharacteristicef animage.To verify this hypothesisywe

¢ TheEurographic#ssociationandBlackwell Publishing2006.

computea setof variablescharacterizinggachHDR image;
the dynamicrangeof an image,which is a differencebe-
tweenthelogarithmof the highestandthelowestluminance
in animage;the key value,a; andLyhie. @ andLyie are
usedfor the automaticparameterestimationin the photo-
graphicTMO [Rei03. All thesevariablesrequirethe value
of the maximumandthe minimum luminancein animage,
which canbe calculatedin a variety of ways.We compute
the minimum andthe maximumaspercentiles0.01,0.1,1,
10, 20, 30 (of brightestanddarkestpixels),andasthe mini-
mumor maximumvalueof alow-passltered image where
the Iter is the Gaussiarwith differentvaluesof s (1, 2, 5,
10, and 20). This givesin total 30 different variablesthat
could characterizeanimage(3 variablestimes 10 estimates
of theminimumandthe maximumluminance).
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Figure 10: Thepredictionof tone mappingparametes (contrast, color satumtion, the percentof clippedpixelsin bright and
dark regions)basedonimage statistics.Plot legends:robust ts of thelinear modelandcorrelationcoefcients.

We computethe correlationmatrix to checkif thereis a
correlationbetweenary of the computed30 variablesand
the medianvaluesof the TMO parametersor the subjects:
contrastcolor saturatiorandthe percentagef clippedpix-
els. We usethis matrixto nd the variablethatis the most
correlatingwith each TMO parameter The relations be-
tweenthe mostcorrelatedvariablesandthe TMO parame-
ters,togethemwith theresultsof therobustlinearregression,
areplottedin Figure10. The highestcorrelationis foundfor
thedynamicrangeof animagecomputedisinglow-passl-
teredimages(s = 1) andthe contrastparameter(the rst
plot in Figure 10). The negative slope of this relationship
is intuitive — the imagesof higherdynamicrangemustbe
strongercompressedio t into the dynamicrangeof a dis-
play. A wealer correlationandlessintuitive relationis found
for color saturationandthe percentagef clipped pixelsin
the dark regions. TheseTMO parametergprobably cannot
be predictedusingthe givensetof imagecharacteristivari-
ables.The predictionof the percentagef pixels clippedin
bright regionsis morereliable.It correlateswith theimage
key coefcient a (computedusingthe 10-th percentilefor
the minimum andthe maximumvaluesin an HDR image).
We obseredthatthis predictionis lessaccuratefor theim-
ageshatcontainlarge self-luminousobjects

Theplotsin Figure10shav thatboththe contrastparam-
eterandthe numberof clipped pixelsin the bright regions
arecorrelatedwvith imagecontentandthereforethey canbe
predicted.Suchpredictionscanbe usedfor parameteesti-
mationin TMOs. Although the predictedvalueswill notbe
optimal for mary imagesand subjectsthey could be used
asthe “bestguess’for the TMO parametesetting.Our ex-
perimentdid notincludea sufcient numberof imagesand
subjectgo build a reliablemodelfor sucha parameteesti-
mation,but they provedthatsuchestimationis possibleand
canbeaninterestingdirectionfor furtherresearch.

3.5. In uence of a Display

It is interestingto know how the dynamicrangeandbright-
nessof a displayin uencesthe parametersf a TMO. Fig-

ure 11 illustrateshow the contrastsettingincreasesas the
dynamicrangeof a displayincreaseslf the dynamicrange
of a displayis too low, the subjectscompressontrast.On

theotherhand,they expandcontrastevenabore the contrast
of anoriginalimage(c> 1) whenadisplayoffershigherdy-

namicrange However, thisbehaior differsslightly between
both experimentsif the subjectsadjustthe HDR imagesto

their preferencethey enhanceontrastproportionallyto the
dynamicrangeof a display(Figure11top), but if theirgoal

is to achieve the delity to thereal-world scenethey adjust
contrastslightly above 1:0 andkeepit approximatelyon the

samelevel even for the HDR displays(Figure 11 bottom).
This suggestshatthe TMO pro led for delity shouldnot

enhanceontrastibove thecontrasbf anoriginal sceneand
the TMO pro led for preferenceshouldtake full advantage
of thedisplaydynamicrange.
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Figure11: Therelationbetweerthedynamicange of a sim-
ulateddisplayand the contrast parametes. Therelationis
plottedfor thedatafromExperimentl (prefeence)atthetop
and Experimen® ( delity) at the bottom.Thesubjectsend
to enhancecontrastmore if their goal is the mostpreferred
image. Notationis thesameasin Figure 9.
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3.6. Preferred Display Device

We examine how the minimum and maximum luminance
valuesof a displaycanaffect subjectve preferencesor dis-

playedimagesWe usethe datafrom the questionnaireised
in Experiment2. The preferencescoresfor eachsimulated
display are averagedover three scenesand over all sub-
jects. Figure 12 illustratesthe ranking of potentialdisplay
devices simulatedon the HDR display The gure clearly
shavsthatthesubjectgreferbrighterdisplaysof higherdy-

namicrange.A typical LCD display(1 — 200 Cd:mz) isin

themiddleof thepreferencescale Interestinglythebrighter
displaybut of lower dynamicrange(80 — 3,OOOcd=m2) has
higherpreferencescorethanthe typical LCD. The displays
of thebroadestlynamicrangetop theranking,but thebroad-
estdynamicrangedisplay(o.1—3,000cd=m2) comesunex-

pectedlylower thanthe 1 — 3,000cd=m? model.However,

the rankingsin the top group (1 — 3,000,0.2 — 1,000,1 —

1,000,and0.2 — 3,OOOcd=m2 models)arenot signi cantly

differentfrom eachother(F(3;126) = 0:82, p> 0:05).The
high scoredfor the brightestdisplaysof the highestdynamic
rangeindicatethat both high luminanceand high contrast
areimportantfor reproducingligital images.

Figure 12: The prefeenceof several simulatedmonitors,

which differ in the minimumand the maximumluminance
they candisplay Theprefeencescoe is indicatedon they-

axis,andtheleft andright endpointsof the horizontallines
representhe minimumand maximumuminanceof the dis-

play. Thescoresofthedisplaysare shiftedbyasmallrandom
offsetto avoid overlappingof thelines.

To betterunderstandhe relation betweenthe minimum
andthe maximumluminanceof adisplayandthepreference
scorewe t thedatato thelinearmodelusingmultiplelinear
regressionTheaveragedoreferencescoreSis givenby

S= a 10g10(Dmin) + b 10g10(Dmax) @ 8

where Dy and Dmax are the display minimum and
maximum luminance values,a = 0:47 ( 0:05), b =
0:87( 0:11) andg= 0:25( 0:31). Themodelaccountgor
nearly60%of thedata(R2 = 0:57).Thenegative a indicated

¢ TheEurographic#ssociationandBlackwell Publishing2006.

that “darker” displaysare more preferred(i.e., lower mini-
mumluminance)andpositive b indicateghatalso“brighter”
displays(i.e., higher maximum luminance)are preferred.
However, sincethe trendis strongerfor b, we canassume
that the maximum luminanceis more importantthan the
minimum luminanceof a display The percentagesf over
saturatedpixels are far smallerthanthat of undersaturated
pixels (seethethird andfourth rows in Figure9). This indi-
catesthat peopleare more sensitve for oversaturatiorthan
undersaturatiorsincethey carefully avoided oversaturated
pixelsbut did not pay muchattentionto undersaturategix-
elscomparedo oversaturation.

4. Conclusions

The major outcomeof this work is a betterunderstanding
of how usersadjusttone mappingoperator(TMO) param-
etersto achieve eitherthe bestlooking images(preference
task)or theimagesthatarethe closestto real-world scenes
(delity task).Basedon this knowledge,we proposea bet-
terparameterizationf alinearTMO in logarithmicdomain,
in which parameteraremoreintuitive andcanbe partly es-
timatedfrom imagecharacteristicsThe TMO is controlled
by two parametersanchor white and contrast The andhor
white parameters approximatelyconsistenficrosssubjects
and dependson images— it is setto a lower valueif an
imagecontaindargeself-luminousobjects Thecontrastpa-
rametelis moresubjectve, andthereforeusersshouldbeal-
lowed to adjustit. We have shavn thatthe parametergan
be automaticallyestimatedfor a TMO basedon animage
characteristito obtaina “best guess”result. The contrast
parameteican be predictedfrom the dynamicrangeof an
image(imagesof higherdynamicrangemustbereproduced
with lower contrast),andthe anchor white parameteis re-
latedto theimagekey value (althoughthe predictioncanbe
unreliableif animagecontaindarge self-luminousobjects).
We believe thattheresultsof ouranalysisarealsoapplicable
to complex TMO, whichcanbene t from bothabetterselec-
tion of useradjustecharameterandanautomaticparameter
estimation.

The secondmain subjectof this work is aninvestigation
how the dynamicrangeand brightnessof a display affects
thepreferencdor tonereproductionFor 14 simulatedmnon-
itors of varyingbrightnessinddynamicrangewe donot nd
ary majordifferencein thestrateyy thesubjectiseto adjust
imagesfor LDR andHDR displays.We noticehowever that
the resultingimagesdependon a given task. If the goalis
to nd thebestlooking image(preference)subjectsendto
stronglyenhanceontrast(up to four timesthatof the origi-
nalimagecontrast) evenat the costof clipping alarge por-
tion of the darkestpixels. On the otherhand,whenthe task
is to achiese the best delity with a real-world scenethe
subjectsavoid clipping bothin the dark and bright partsof
animageandthey do not extend contrastmuch above the
contrastof an original image.In both tasks,thereis a ten-
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deng towardsbrighterimageswhich areachievedby over
saturatinghebrightestpixelsbelongingto self-luminousob-
jects.The nal investigationcomparesisers preferencedor
displaysof varying capabilities.The subjectspreferin the
rst orderthedisplaysthatarebright, andin the secondor-
der, thedisplaysthathave low minimumluminance.
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