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Abstract

High DynamicRang (HDR) imagescapture thefull range of luminancepresentn real world scenesandunlike
Low DynamicRang (LDR) images,can simultaneouslygontaindetailedinformationin the deepesbf shadows
and the brightestof light souices.For displayor aesthetigpurposesit is oftennecessaryo performtone map-
ping, which createsLDR depictionsof HDR imagesat the costof contrastinformationloss. The purposeof this
work is two-fold: to analyzea displayedLDR image againstits original HDR counterpartin termsof perceived
contrastdistortion,andto enhancehe LDR depictionwith perceptuallydriven colour adjustmentso restoe the
original HDR contrastinformation.For analysis,we presenta novel algorithm for the characterizationof tone
mappingdistortionin termsof observedossof global contrast,andlossof contourand texture details.We clas-
sify existingtonemappingoperators accodingly. We measue bothdistortionswith perceptualmetricsthatenable
the automaticand meaningfulenhancemenaf LDR depictions.For image enhancementye identify artistic and
photaraphiccolourtechniquesfromwhich we deriveadjustmentshat createcontrastwith colour. Theenhanced
LDRimage is animproveddepictionof the original HDR image with restoed contrastinformation.
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1. Intr oduction

High DynamicRangegHDR) imagesaccuratelydescribehe
wide rangeof luminancevisible in the realworld. Because
their dynamicrangeis broadenoughto representhe true
rangeof luminosity in a scene(between3 to 12 ordersof
magnitude) HDR imagescapturedetailsthat are perceved
by the humanvisual system(HVS) but missedby standard
photographidechniques.

HDR imagesare well known to the computergraphicsre-
searchcommunity andthe recentintroductionof HDR im-
agecreationandediting capabilitiesinto mostcommonim-
ageediting softwareensureghat HDR imageswill become
an increasinglycommonform for storing and manipulat-
ing visualinformation.Additionally, the high quantityof in-
formationin HDR imagescan prevent editing artifactsand
shouldimprove the performanceof imageprocessinglgo-
rithms. As such, thereis new interestin HDR processing
techniguesand methodsfor exploiting the expandedinfor-
mationcontainedn HDR images.
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Tonemappingis the rst andmostdevelopedresearctarea
in HDR imageprocessingRWPDO0Y. Tone mappingcom-
presseshewide dynamicrangeto a narrover rangefor dis-

play andaesthetigurposeghuscreatingan LDR depiction
of anHDR image.For a majority of existing tonemapping
operatorsthis is achieved throughthe reductionof physi-

calcontrasin LDR imagesHowever, percevedimagecon-
trastis not only a functionof the dynamicrangeof thetone
mappedmage,but alsodependssigni cantly on otherim-

age attributes such as lightness,hue, chroma,and sharp-
ness[CFO03 Hun9Y. This meansthat by skillfully tuning
theseattributes, the lossesin physical contrastdueto tone
mappingcanberestoredasperceved contrast.

In orderto restorephysicalcontrastwe must rst determine
the contrastistortionbetweerthe HDR imageandthetone
mapping:how much perceved contrasthas beenlost and
whereit shouldberestoredWhile muchwork hasbeendone
in thesubjectve evaluationof differenttonemappingopera-
tors[LCTS05 YBMSO05], to our knowledge,we presenthe
rst feature-basedharacterizatiomndobjectve perceptual
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measuref tonemappingdistortion.Sincedistortionresults
from balancinghetrade-of betweemreservingglobalcon-
trastandpreservingletails,we createperceptuaimetricsfor
Global Contrast Chang and Detail Visibility Chang be-
tweenanHDR imageandits tonemapped.-DR counterpart.

The changein ratio betweerbrightestanddarkestpointsof
animageis atraditionalde nition of globalcontrasichange
thatis necessarilyadjustedoy tone mapping,andso would
not be considereda distortion. Contraryto this de nition
andothers,suchasoneusingthe multi-resolutionde nition
givenby [MNN 05], we considerglobal contrastchangeto
beacharacteristide ned by the shapeof thetonemapping
function,thusremoving theemphasisn extremebrightsand
darkswhich have lessimpacton the impressionof global
contrast.Our de nition of global contrastchangeis more
closelyrelatedto imagecomprehensionyhich accordingo
Gestaltheoristsinvolvesthecognitive taskof separatinghe
imageinto recognizableobjects,mostimportantly the sep-
arationof foregroundobjectsfrom the backgroundLiv02].
As such,a decreasén global contrastmay make compre-
hensionof the LDR imagemoredif cult, indicatinga loss
in visual communicatioref cacy. We de ne Detail Visibil-
ity Changeasthe reduction,disappearancer exaggeration
of high frequeng contrastsn the LDR imagecomparedo
theHDR original. To obtainresultsthataccuratelyrepresent
thesetwo distortionswe developnovel method¢o measure
their perceptualspectsaand we analyzeseveral tone map-
pingsaccordingly

Once we localize contrastdistortionsresulting from tone
mappingandestimatehe magnitudeof thosedistortionsus-
ing a perceptuallylinear and meaningfulscale,we cantry
to restorethe perceved contrasibof the original HDR image.
While various contrastcorrectiontechniquescould be en-
visioned[CF03, we adjustperceved contrastby operating
directly on chromaaccordingto our distortionmeasuments,
thusavoiding substantiathangego the tone mappedumi-
nanceTechnically chromahasa clearmathematicatle ni-
tions (for examplein the perceptuallyuniform colour space
CIELUV) andcanbe easilyseton the pixel level. The spa-
tial aspecbf controlling chromafor neighbouringpixels or
moredistantimageregionshasinterestingusesin perceved
contrastmanipulationandis widely exploited by artistsand
photographerfLiv02].

Takinginspirationfrom paintingand photograplg, we sug-
gest chroma operationsthat enhancethe appearanceof
global contrastand detail contrast.We enhanceperceved
global contrastby applying countershadingo encourage
image efcacy and to create the impressionof greater
global contrast.Countershadings the juxtapositionof op-
posing gradientsto createan exaggeratedifferenceat a
featureboundary often the boundarybetweenforeground
objects and the background.lt is a techniquesused by
renavned photographePeteTurner who characteristically
createsphotographswith saturationgradientsapplied to

Figure 1: Left: counteshadingwith a satumation gradi-
ent of the sky in Orange Wall and Sea, by Pete Turner
(wwwpeteturnecom). Right: counteshadingin Breakfast
Still-Life, Wilem ClaeszHeda. Both from the Web Gallery
of Art (wwwwga.hu).

backgroundsandby Dutch still life painterWillem Claesz
Heda,who createsa diagonalcountershadingf the back-
ground,to make thebrightforegroundregionsseenbrighter
andthe dark regionsdarker, thus creatingan impressionof

greaterdynamicrangeand strengtheningbjectsilhouettes
(Figurel). We adjustthe colourof high frequeng detailsto

introducevariationin saturationa techniqueMichelangelo
employedto emphasizéighlights,contoursandtexture de-

tails and Monet usedto distinguishnearly shapelessletails
(Figure?2) [Liv02].

Figure 2: Left: satulated detailsin The Holy Family with
the infant St. John the Baptist (the Doni tondo), Michelan-
gelo Buonarpoti. Right: Monet ower detailsalmostentirely
distinguishedy colours, fromTheAtrtist's House

The paperis structuredas follows. We rst refer to the
relatedwork on image enhancementsrtistic colour tech-
niguesandyvisibility metricsin Section2. In Section3, we
presentour perceptualmetrics for contrastdistortion be-
tweenHDR imageandits displayedLDR counterpartand
performtheanalysisof existingtonemappingalgorithmsac-
cordingto thesedistortions.Next, in Section4 we propose
enhancementsf tonemappedmagesy colouradjustment.
Finally, we discussour resultsin Section5 andconcludethe
paperin Section6.

2. RelatedWork

The image enhancemenaspectof this work relies exten-
sively ontheuseof colourin imageryandis relatedto image
recolourizationColouris a prominentattribute for effective
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visualcommunicatiorandits useis addresseth avarietyof

elds including colour appearancenodelling, scienti ¢ vi-
sualizatiorandimageprocessingThework mostcloselyre-
latedto our treatmenbf colouris imagerecolouringwhich
transferscoloursbetweenimages introducescoloursinto a
greyscaleimage or quantizesthe numberof coloursin an
image[RAGS01 GHO3 RGWO03.

Given that colour is an inherentattribute of image qual-
ity, one would assumethat tone mapping operatorsper
form somecolour enhancementdowever, the majority of
tone mappingscompressonly luminancevalues,and are
not concernedwith color issues.Two notable exceptions
arethe iCAM model[FJO3 andthe multi-scaleadaptation
model [PFFG98, both of which are advancedimage ap-
pearancenodelsthatincorporatecolourappearancenodel-
ing [Hun94. In this work, we addcolourenhancemerdtop
of an arbitrary tone mappingoperatoy which compensates
for perceved contrastlossesdue to the physical contrast
compressionthe majortaskof the traditionaltonemapping
operator(referto [RWPDO0] for a detailedsuney). Sucha
traditionaloperatoiis oftendesignedo producemageshat
“look good” or to obtaina perceptuaimatchbetweertheim-
ageandthecorrespondingealworld scenesThesuccessf
meetingthesegoalsdepend$eaily on particularHDR im-
agecharacteristicandassuch,it is dif cult to singleoutone
existing operatoithatconsistentlyperformsbestf RWPDO0S.

Eachtone mappingoperatortakes form as a collection of
certainimage processingoperationswhoseimpact on the
percevedimagequality or delity to therealworld appear
anceis not well understoodRecentpsychoplsical studies
attemptto evaluatetonemappingoperatorsn termsof sub-
ject preferenceor delity of the realworld scenedepiction
[KYJFO04,LCTS05YBMSO05]. In suchstudieseachoperator
is treatedasa “black box” andits performances compared
on the whole with respecto otheroperatorswithout an at-
temptat understandinghe reasongor subjects'judgments.
While somestudiesof tone mappingoperatorsgo further
andtake into accounthereproductiorof overall brightness,
global contrastor details(local contrast)in dark andbright
imageregions[LCTS05 YBMSO05], they remainfocusedon
comparingthe operatomperformancdor eachof thesetasks.
Thesestudiegprovide nodeepernalysisof how thepixelsof
anHDR imagehave beentransformedy tonemappingand
in whatway the outcomeof sucha transformatiordepends
on imagecontent.Suchanalysiscould help in understand-
ing how particularimagecharacteristicssuchascontrastor
brightnessarelocally distortedby tonemappinganddeter
mining the impact of suchdistortionson perceved image
quality.

In this work, insteadof subjectve analysis,we focus on
global and local contrastdistortionsbetweenHDR image
andits tone mappedcounterpartFor this purposewe must
evaluatethemagnitudeof thesedistortionsalongaperceptu-
ally meaningfulscale A numberof perception-basedsible
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difference delity) metricsforimagepairshave beendevel-
oped,mostly for imagecompressiorandcolor reproduction
applications(refer to [Win05] for a recentsuney of such
metrics).Stateof theart delity metricssuchasthe Visible
DifferencesPredictor(VDP) [Dal93 or the Sarnof Visual
Discrimination Model (VDM) [Lub95 include mary im-
portantcharacteristicef the HVS, suchaseye opticimper
fections,luminancemasking,the contrastsensitvity func-
tion (CSF), and patternmasking, making them very gen-
eral metrics.However, suchcomple metricsmay perform
worsethan simpler metrics specializedfor the task of de-
tectingwell-de ned distortiontypes,suchasblocking arti-
factsthatarisein imagecompressiofiwin05]. The majority
of existing delity metricsarebasedon HVS modelsdevel-
opedthroughthresholdpsychoplgsical experimentswhose
goalis to determinethe magnitudeof a simple stimulusso
thatit becomegustnoticeableSuchmetricssuccessfullye-
tectthe presencef percevableimagedistortions,but per
form poorly in estimatingthe magnitudeof suprathreshold
distortionsandpredictingtheir distractionto the humanob-
sener[CHOJ. With its spatialfeaturegor estimatingmper
ceptibletexturedetails theiCAM model[FJ0J is anexcep-
tion, however, sincethe magnitudeof perceptuatesponses
to local contrasts not available,it cannot be usedto deter
minethechangen detailvisibility.

In this work we aremostly concernedvith onewell de ned
suprathresholdiistortion: contrastcompressiomueto tone
mapping.Since delity metricsdealingwith imagepairsof
drastically different dynamic rangeshave not so far been
proposedand sincewe have found existing modelsto be
ill-suited for our purposeswe develop custom delity met-
ricsfor comparingpercevedcontrasdifferencedetweeran
original HDR imageandits tonemapped_-DR counterpart.

3. ToneMapping Distortions

All successfutone mappingoperatorsbalancethe trade-
off betweenloyal reproductionof the luminancerangeand
preserationof details.Onecanarguethethatphotagraphic
tonerepoductionoperatof RSSF02 bestreproducesgjlobal
contrast,while the gradientdomaincompession[FLW02]

operatorbest preseres details. However, the accurag of

suchstatementsnay dependon the particularHDR image,
and as concludedby evaluationsof tone mappingopera-
tors[YBMSO05,LCTS03, it is dif cult for onetonemapping
operatorto be well-suitedto all typesof images.Regard-
lessof technique gachtone mappingoperatorintroducesa
degreeof distortioninto theresultingLDR tonemappedm-

age.Drawing conclusiongrom previousevaluationsandour
own obsenations we identify two majorcontrastdistortions
resultingfrom tonemapping:

Global Contrast Change the ratio betweenlightest and
darlestareasf theHDR is reducedn the LDR,

Detail Visibility Change (texturesand contours)the high



4 K. Smith,G. Krawczyk K. Myszlowski,H-P. Seidel BeyondToneMapping

frequeny contrastsof the HDR image become less
prominentdisappearor becomeexaggeratedh theLDR.

A signi cant Global ContrastChangeis undesirablenot
only for estheticreasonsput also becauseof changesin
imageunderstandabilitydespitegood detail visibility. Cer
tain specializedone mappingoperatorsassigna wider dy-
namicrangeto detailedregionsto presere texturesandcon-
tours, which resultsin a narraver dynamicrangeavailable
for globalluminancechangesgdecreasingheratio between
lightestanddarkestareasDetail Visibility Changenccursei-
therbecause region become®ntirely saturatedr because
anareais mappedo very few or very low brightnesdevels.
Theseconctasds especiallyinterestingrom theperceptual
pointof view, becausehe physicalcontraststill existin the
LDR image,however the detailsareinvisible to the human
obserer.

3.1. Distortion Metrics

Ourgoalis to determingheapparentistortionin detailvisi-
bility andglobalcontrasthangevhichwereintroduceddur-
ing thetonemappingof HDR image.We focuson the lumi-
nancecompressioraspectof the operatorsinsteadof ana-
lyzing particularalgorithmsone by one, we considertone
mappingas an unknavn transformationappliedto the lu-
minanceof an HDR image,resultingin anLDR image.To
do so, we useknowledgeof humanperceptionto compare
a real world or syntheticscene,capturedas an HDR im-
age,to its LDR tonemappingasdepictedon displaydevice.
Theoutputof our metricconsistof asinglevaluerepresent-
ing theglobalcontrastthangdactoranda maprepresenting
the magnitudeof changean detailvisibility. The units of the
detailvisibility mapare JustNoticeableDifferencegIND),
which allows for aninformeduseof thisinformationfor po-
tential perceptuallypasecdcorrections.

To compareémagesof signi cantly differentdynamicranges
we comparetheluminanceof anHDR image,denotedasy,
to the luminanceshowvn on a display device, denotedaslL.
To accuratelypredictthe displayedluminance,we assume
thatsufcient characteristicsf thedisplaydevice areknown
so that we can calculatethe luminancevaluein cd=m? of
eachLDR imagepixel. For an sSRGB monitor, this requires
blackandwhite levelsincreasedy anambientillumination
level. Similarly, a photometricallycalibratedHDR imageis
desirable.

We transformthe gammacorrecteduminancevalued y of
the LDR imageto display luminancevaluesL. Given the
displayblackLpag andwhite Lynie levelsin cd=m? andas-
sumingsRGBresponsethe transformations thefollowing:

T imageluminances calculatedrom the RGB channelsaccording
to the[ITU9Q] standard.

L= Lplak+ SRGB X(¥) (Lwhte Lblac): 1)

If the absolutdluminancevaluesof an HDR imageare un-
known, we align the relatve HDR valuesY to the LDR
valuesL accordingto the averagelogarithmicluminancea
methodoften usedas an adaptationestimatein tone map-
ping[DMAC03 RSSF02

Global Contrast Change

Global contrastcan be measuredas a ratio of maximum
to minimum displayableluminance.Tone mapping algo-
rithms, however, generallyusethe whole display dynamic
rangewhich, accordingto above de nition, alwaysresults
in maximumglobal contrast.Yetimagesresultingfrom dif-

ferenttonemappingoperatorswith identicalratioscancre-
ate starkly differentimpressionsof global contrast,mean-
ing that sucha naive measurds not appropriate The vari-

ety in global contrastimpressioncomesfrom the different
shapef tone mappingfunctions,and thereforeit is sen-
sible to analyzethesefunctionsto obtaina global contrast
estimate Unfortunatelythesefunctionsare eitherunknovn

or not well-de ned, asin the caseof gradientdomaincom-
pressionHowever, we arguethata generahpproximatiorof

thetonemappingfunctionis sufcient for estimatingglobal
contrast.In our metric, we approximatethe tone mapping
functionusinglinearregressiorin the brightnesslomain:

Lg TM(Yg)=C Yg+B 2

whereC and B are estimatedcoefcients, andYg and Lg
approximatebrightnessfollowing the WeberFechnerLaw

(Ys = logioY, Lg = logiol).

Giventhe tonemappingfunction approximationwe calcu-
late the displayluminancevaluescorrespondindo the min-
imum and maximumluminanceof the HDR image.In our
opinion, thesevaluesare more reliable for global contrast
estimatiorin theLDR imagethanactualminimumandmax-
imum values.The calculatedvaluesre ect the generalten-
deng of brightnessnappingratherthanbeinga productof
adetailenhancingrocedurevhichis independensf global
contrastrelations.We calculatethe global brightnesscon-
trastDLg usingthe tone mappingfunction estimationfrom
Equation(2):

DLg = TM(max(Yg)) TM(min(Yg)); ®3)

wheretheresultof tonemappingfunctionis clampedto the
minimumandmaximumdisplayablevalues.
Finally, to calculatehe GlobalContrasiChangeC werelate
theglobalcontrastin LDR imageto its original HDR:
DLg
= — 4
DYe “4)

whereDY;g is a differencebetweenthe maximumandmin-
imum brightnesdn the HDR image.C < 1 indicateslower
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global contrastin the LDR image, whereasC > 1 indi-
cateshigherglobal contrast.By deduction the global con-
trastchangeC is equialentto the C coefcient from the
brightnessnappingestimation(2).

The result of applying our measureof Global Contrast
Changeto two tone mappings(one global and one local)
is shown in Figure 3. While both methodsmale useof the
entireavailabledynamicrange the shapeof their mapping
functionsdiffer: theglobalmappingfunctionis well-de ned,
asopposedo the non-uniformandscatteredocal mapping
function. Higher global contrastis obtainedwith the global
tone mappingmethod,whereasthe detail preservinglocal
methodexhibits a smallerratio betweenbright anddark ar-
eas(thefunctionapproximatioris nearly at).
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Figure 3: Global Contrastestimatiorfor global (leftimage,
top plot) andlocal (right image, bottomplot) tonemapping
Each plot showspixel-by-pixelmappingbetweerHDR and
LDR,linear brightnessnappingestimationdynamicranges
(d.r) of LDRandHDR, and contrastmeasues[ DWO0(.
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Details Visibility Change

Detailsof texturesandcontourscanbedescribedasthe high
frequeng contrastsbetweena pixel andits adapting eld.
Visibility, theresponsef the HVS to themagnitudeof such
contrastsjs not linearanddepend®n the adaptatiorlevel.
Contrasvisibility canbeanalyzedn termsof contrastletec-
tion and contrastdiscrimination.We usecontrastdetection
for identifying visible detailsin boththeHDR andLDR im-
ages,andwe usecontrastdiscriminationfor identifying the
magnitudeof visible differencein detail contrastbetween
theHDR andLDR images.

We start by identifying high frequeng contraststhat pre-
sumablycreatetexture andcontourdetailsin theimage.For
eachpixel Y; we estimatethe adaptingluminanceY,® in its
neighbouringareaandcalculatethe contrastexpressedisa
logarithmicratio of luminancevalues:
max(Y;; %)
min(Y;; ;) -
We simulate the adaptationto low spatial frequenciesin
animageandwe take specialcareto preventthe in uence
of signi cantly differentluminancevalueson anadaptation
level. We obtainthe adaptatiormapYSP by processinghe
HDR imagewith alow pasdilateral Iter in thelogarithmic
domain.Sucha lIter removes high frequencieswhile pre-
servinghigh contrastedges.The adaptationrmapis re ned
by eliminating frequenciesabore 20 cycles per pixel and
preservingedgesof logarithmic contrastratio higher than
0:25. We calculatethe high frequeng contrastof the LDR
imagein the sameway. It is importantto notethatthe par
ticular choiceof the bilateral Iter for estimatingthe adap-
tation mapis not mandatoryOtheralgorithmsknown from
tone mappingcan be usedaswell, aslong asthey do not
introduceartifactsat the high contrastedges.

G(Y;;YP) = logyg (5)

To estimatethe Details Visibility Changebetweentwo im-
agesof signi cantly differentdynamicrange knowledgeof
the hypotheticalHVS responsedo given physical contrasts
undergiven adaptatiorconditionsis required.A reasonable
predictionfor a full rangeof contrastvaluesis givenby the
following transducerfunction that is derived and approxi-
matedby Mantiuk etal. [MMS06]:

T(G) = 54:09288 G41850 (6)
with thefollowing properties:

T(0) =0 and T(Gtnreshow) = L: (7)

The transducerfunction estimatesthe HVS responseto
physical contrastin JustNoticeableDifference(JND) units.
Thusfor a given contrastthreshold Ginreshot, @ transducer
valueequalsl JND. It is importantto notethatthis measure
holdsfor suprathresholtheasurementsjnceit notonly es-
timatesthe detection put alsothe magnitudeof change.

The approximationgiven by Equation(6) hasbeenderived
with the assumptiorof 1% contrastdetectionthreshold,.e.
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Gthreshoti = 1001(1:01). Althoughsuchanassumptioris of-
tenmadein imageprocessindor LDR, thedetectiorthresh-
old depend®n anadaptinguminancdevel andis described
by the ThresholdVersuslintensity (TVI) function [CIE81].
TheTVI functionshawvs thatthis thresholdvariesin the lu-
minancerangeof displaysandthe dynamicrangein HDR
is often high enoughto male this 1% assumptiorfor the
detectiorthresholdnaccurateWe thereforederive ascaling
factort(YSP) for thetransducefunction(6) which adjuststs
propertieg7) to matchthe TVI functionfor givenanadapt-
ing luminance:

log,1:01
Y i(Y) - (C)
logyo Y7P+$\;L(Y 2

t(YSP) =

Suchascalingfactoris appropriatebecausehe approxima-
tion of thetransducefunction (6) wasderivedwith starting
conditionsfrom (7), andsincethein uence of thethreshold
is multiplicative [MMSO06]. Figure 4 illustratesthe magni-
tudeof changen theHVS responseélependingntheadapt-
ing luminance Theresponsehangedy afactorof almostl
orderof magnitudewithin thevisible rangeof luminanceon
adisplay In practice thescalingfactorreducegheresponse
to contrasin thedarkareasf animage.

scale factor t(¥9)

©

S

T
!

L sl il il
0.1 1 10 100
adapting IuminanceSP[cd/mz]

1000

Figure 4: Plot of a scalefactor from Equation(8). Lumi-
nancerange of a typical LCD displayis 2 to 200 cd=n.

Given the scaledtransduceifunction, we can estimatethe
hypotheticaresponsef theHVS to thehighfrequeng con-
trastsmeasureavith equation(5):

T (YY) = T(G(Y; YP) t(Y™): 9)

The responseT is expressedn JND units, which means
thata detail; is visible undergiven luminanceconditions
only if T > 1. Giventhis relation,we areableto estimate
the detailsof a displayedLDR imageandthe detailsof an
HDR imagewhich would be visible to a humanobserer.
Furthermoresincethetransducefunctionis a suprathresh-
old measurewe areableto estimatechangeby comparing
the magnitudeof detail visibility in a displayedLDR im-
ageto its HDR version (spatialargumentsare omitted for

brevity):

g 1 for T (Y)>1>T (L);

DT (Y;L)=_ 0 for kT (¥) T (L)k<1;
T (Y T(L) otherwise.
(10)

For practicalreasonsywe considerthe averagedetail visibil-
ity measurever its neighbouringpixels,denotedasT |, be-
causewneareinterestedn generabletailvisibility in acertain
arbitrarysmall area.As shavn in Equationl10, we consider
threecasesof detail visibility change Whena responsédo
highfrequeng contrasin theHDR imageis attenuatedrom
above 1 INDto belov 1 INDin thetonemappedmage,the
changeis 1 JND. Whenthe differencein responsés belov
1 JND, thechangds deemednvisible andis setto 0. In all
othercasesthe magnitudeof Detail Visibility Changes set
to the differencein responsed . We illustrate the perfor
manceof this measuren Figureb.

Figure 5: Detail Visibility. HDR image (A) containssubtle
re ection on a surfaceof the cup. A global tone mapping
(B) revealsthe coffeebeansin the shadowbut there ection
detailsbecomeindiscernible The areasof image with lost
details are predictedby our metric (C), whete red colour
marksDT > 1.

3.2. Analysis of Distortions

We analyzedthe performanceof 8 tone mappingmethods
in terms of Global ContrastChangeand Detail Visibility

Changeusingthe presentednetrics. The analysiswas per

formedonasetof 18 HDR imageswith anaveragedynamic
rangeof approximatelyt ordersof magnitudeanda resolu-
tion betweerD:5 and4 megapixels. Thesetcontaineda vari-

ety of scenewith differing lighting conditionsandincluded
panoramicimages.We testedthe following global (spa-
tially uniform) tonemappingalgorithms:gammacorrection
(g= 2:2), adaptivelogarithmic mappinglDMACO03, pho-
tographictonerepmoduction(global) [RSSFO02, photoecep-
tor [RDOY; and the following local (detail preservingal-

gorithms): gradient domain compession[FLWO02], bilat-

eral Itering [DDO02], lightnessperception[KMSO05], pho-
tographic tone reproduction (local) [RSSF02 The tone
mapped_DR imageswereobtainedeitherfrom the authors
of thesemethodor by usingpublicly availableimplementa-
tions[pfs]. Tonemappingparametersvere ne tunedwhen-
ever defaultvaluesdid not producesatistctoryimages.
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In practice,the contrastdetectioncomponenbf our Detall
Visibility Changemetricrequiredcalibrationto correctlyes-
timate the visibility of subtle detailsin extremedark and
light regions.We introduceda scalingfactorto Equation8
to increasethe predictedresponsef the HVS to contrasts,
andfoundthatavalueof 1:89 led to satishctorypredictions
in our setof testimages.The display characteristicgorre-
spondedo atypicalconsumet CD with ansRGBresponse,
blacklevel at 2:5cd=m?, andwhite level at 210cd=m? mea-
suredin of ce illumination conditions.

In our analysiswe measurghe Global ContrastChangeac-
cordingto Equation(4). However, in the caseof Detail Vis-

ibility Changewe limit possibleanalysisto the casewhen
visible detailsin the HDR image becomeinvisible in the
tonemappedmage.This is a signi cantly moreimportant
casethancontrasimagnitudechangeFollowing [YBMSO05],

we performDetail Visibility analysisseparatelyndarkand
light areasTo distinguishtheseareaswe comparehe HDR
pixel luminanceto the logarithmicaverageuminanceof the
HDR image.

The results of analysisare summarizedon plots shavn

in Figure 6. In termsof Global ContrastChange,the ad-
vantageof the photgraphic tone reproduction (local &

global) methodsis clearly visible — global contrastim-

pressionis conveyed almost without ary change.These
methodswere also amongthe top rated in other studies
[LCTSO05 YBMSO05]. However, they resultin thelossof de-
tail informationin dark areas.This is particularly interest-
ing for the local versionof the operator Although physical
high frequeng contrasthasbeenpresered in dark areas,
the luminancehasbeenmappedto very low values,mak-
ing the detectionof thesedetailsimpossible.The advan-
tageof the local versionis obviousin thelight areaswhere
tone mappingled to a verbatimdetail preseration. There
is a visible tendenyg of local methodsto be less ef cient

in limiting the Global ContrastChange while beingbetter
for detail visibility. A notableexampleis the gradientdo-
main compession which preseresdetailsin dark areasat
the costof a signi cant reductionto the ratio betweenlight

anddarkareasClearly, the trade-of betweendetail visibil-

ity and global contrastseemsunavoidable.One interesting
exceptionis adaptivelogarithmicmapping which is ableto

limit the changein global contrastwhile performingexcep-
tionally well at preservingletailvisibility in darkareas.

Fromthe standarddeviation barsof Figure6, it canbe seen
thatthe performanceof eachoperatowvariedover theimage
set,meaningthata universaltonemappingoperatorhasnot
yetbeeninvented Sincethediscovery of auniversaloperator
seemaunlikely, insteadof developinga new algorithm,we
decideto counterthe distortionswith enhancementt® the
tone mappedLDR imagesusingthe distortioninformation
obtainedrom our GlobalContrastChangemetricandDetail
Visibility Changemap.
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Figure 6: Analysis of distortions. Top: Global Contrast
Changg, valuel representsio contrastchange, < 1 denotes
contrastattenuation Middle: Detail Misibility in dark areas
expressedas a relativeareawhele detailsbecamanvisible
after tonemapping Bottom: Detail Visibility in light areas.
Ead bar representsmeanvalueand standad deviation.

4. Contrast Restoration by Colour Adjustment

Following the measuremenof tone mappingdistortion in
termsof changein Global Contrast and Details Msibility,
we approactthe problemof compensatindor thesedistor
tions. For eachtype of distortion,we identify a restoation
techniquethatusesthe contrastthangeanformationto intro-
ducenew contrastshatrestoretheoriginal contrasinforma-
tion. Our techniquefor restoringglobal contrastis counter
shadingandourtechniqueo restoredetailvisibility is aper
pixel contrasincreasebetweerdetailpixelsandtheirimme-
diate neighbourhoodSincetone mappinginvolvesa trade-
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off betweendetail preseration and global contrastcom-
pressionpnerestoratiortechniquewill beprominentWhen
bothdistortionsarepresentthey will beslight, allowing the
combinationof bothrestorationsin thesecasesit is bestto
begin with detailrestoratiorsoasnotto disrupttheglobalef-
fectof countershadingAlthoughin this paperwe introduce
only colourcontraststhe restoratiortechniquesaregeneral
toolsandcanbeusedto addary kind of visualcontrast.

Visual contrastis createdn mary ways[CF03, colour be-
ing one very importantcontritutor. Colour contrastis the
perceved differencethat arisesfrom the juxtaposition of
two different colours. Such contrastis ideal for restoring
lost luminancecontrastresulting from HDR compression
becausecolouris a e xible andaesthetigroperty and be-
causecolour is often treatedtoo casuallyby tone mapping
operatorsAn additionalreasonfor working with colouris
to limit changego the high quality luminancecompression
resultingfrom thetonemapping.Of the sevengenerakypes
of colour contrast[Itt61], we focus on contrast of satuia-
tion andcontrastof complementsllustratedin Figure7. We
chooseto createcontrastof saturatiorandcomplementdy
scalingchroma,a perceptuameasuref colourfulnesswith
negative scalevaluesmoving the colourtowardsa saturated
opponentcolour We chooseto adjustcoloursby chroma
scalingbecauséts independenc&om thelightnesschannel
providesa straightforvardwayto limit luminancemodi ca-
tion.

Figure 7: Contrastof saturationand contrastof comple-
mentswith varyingluminance(WeberStateUniversity).

Chromascaling strengthensmage colourfulness,a com-
montrendin photograpl, andalthroughincreasedtolour

fulnessleadsto somevhat unnaturalimages,up to a max-
imum colourfulnesspoint they are still preferredby hu-

mans[FdB97. This phenomenaxists partly becausam-

agesareusuallyjudgedwithout directreferenceo the orig-

inal sceneand memoryfor colouredobjectscanbe unreli-

able[Bar6d, somanipulatecchromaincreaseoftenremains
unnoticedwhile the percevedimagequality is consistently
rankedhigher

We work in the approximatelyuniform perceptualCIE
L uv colour spacewhere axis L representgerceved
lightnessandu andv areroughly decorrelatecchromatic
axes coinciding with red/greenand yellow/blue opponent
hue pairs. This spaceis ideal for our image enhancement
becausduminanceis relatedto a perceptuakcaleof light-
nessandbecauséhe spaceprovidesa correlateof chroma,

Cuv» denedas
Cuv= (uZ+v 3 (11)

which canbeinterpretedasa perceptuameasuref colour
fullness with respectto a white of similar brightness
[Hun9g. Scalingchromato mC by scalingboth u and
v by mincrease®r decreasethe perceved colourfulness
withoutchanginghueanglehyy or lightnessL , wherehyy is
a correlateof huede ned by arctarfv =u ). Whenm 1,
chromaincreasedcolour becomessaturatedwith respect
L ), andwhenm< 1, coloursbecomedesaturatedntil they
are achromaticandthen becomesaturatedn the opponent
hue. The colour differencein L u v betweentwo colours
differing only by scaledchromais then

BCy = JC(m  D)j: (12)

4.1. Global Contrast Technique

Global Contrast Restoation introducescountershadingo
the image to enhancethe perceved dynamic range,thus
makingthe LDR global contrastimpressionapproachthat
of the original global contrast.We de ne countershading
as the juxtaposition of gradientson either side of large
featureboundarieqoften foreground/backgroundgreating
an higher contrastborderthat gives the illusion of greater
global contrast.Artists emplgy countershadingrecall Fig-
urel, oftencreatingacontrolledhaloatlargefeaturebound-
ariesto increasehepercevedbrightnesglifferencebetween
the featureandits surround helpingthe HVS performthe
cognitive task of sggmentingfeaturesfrom the background
[Tum99g. Visual perceptionhas attemptedto explain this
phenomemonwith the effect being known as the Craik-
Cornsweet-O'Brierillusion: alocal attribute (the Cornsweet
edge)hasa global effect, or asthe perceved brightnessof
two adjacentegionsis affectedby the contrastat their bor
der, Figure8 [KM88].

Figure 8: Exampleof counteshadingwith luminancevalues
(left), the luminancepro le resultsin a differentbrightness
prole.

Becausewe work with chroma, we do not make exact
useof the speci ¢ Cornsweeillusion. Instead we createa
Cornsweet-styledgeof chromacontrastalong the border
betweertheforegroundandbackgroundf theimageby ap-
plying chromascalevaluesm de ned as:

_aexp( d?=s?)+1; li;j 2 SegmentA
M= a (@ exp( d?=s?)+1; li:j 2 SegmentB
(13)
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whered is the shortestdistanceto the border(0 d 1),

a is theamplitudeof the scaling,and s speci esthe width

of the slopeof scalevalues.The amplitudeof the scalingis

a=2(1 C),forC 1, otherwisenoenhancemens re-

quired.Thewidth of theslope,s, is setaccordingo theim-

agesize(weuses = 0:5for all ourimagesasthey have sim-

ilar size).We obtainthe borderby partitioningthe HDR lu-

mianceY into two sggmentsusingK-meansmageseymen-
tation, which was satishctory for our testimages.A more
elaboratemagesegmentationtechniquecanbe usedfor in

challengingcasesfor instancewhena simplesegmentation
returnsunadjoiningregionsor whenregionsdo not meetthe
imageboundarie§KMSO05).

4.2. Details Visibility Technique

Detail Misibility Restoation is a perpixel operationthatdi-

rectlyincreaseshevisualcontrastbetweerdetail pixelsand
their surroundingneighbourhoodtherebyimproving their
saliencan theimage.This operatiorworks muchlike mod-
ulating a basesignalwith a detail signal. To createcontrast
by chromascaling,we locally increaseixel chromapropor

tionally to the detail visibility loss maskDT from Equa-
tion 10. We operateonly on HDR high frequeng pixels(de-
terminedwith bilateral Iter asin Section3.1), makingour
approachdifferentfrom a global chromaincreasewhich is

commonlyperformedo improve theoverall percevedqual-

ity of imageqFdB97.

Given atonemappedLDR imagel in L u v, we rst set
pixels with unde nedC,, or C,, drasticallydifferentfrom
the HDR imageto properlyscaledHDR u andv values,
thusreintroducingchromaticinformationthathasbeenlost
dueto clamping.We de ne theenhancedmagel %as

19= (Lyy(1); mCu(1); huw(1)) (14)

for scalevaluesm that are determinedby relatingthe JIND

valuesof DT to DC,(I1%1) = jC,y()(m 1)j. We have

found throughexperimentsthat one JND is approximately
6:89 DC,,, units.

6:89T (ly;IL)

NORERS (13)

Since humansfavour increasedsaturation,we favour the
positive scalevalues,and selectvely use negative chroma
scalevaluesif they do not breakthe impressionof natural-
nesgdeR9§. Theamountof affectedpixelsis controlledby

parametersnthebilateral Iter . We seta minimumreliable
chromavalue so asnot to scaleary unreliablepixels, thus
avoiding the enhancemendf noise.Additionally, the white

pointof theimagedrasticallyimpactsthe overallimpression
of the image, so we do not modify pixels within the 9%h

luminancepercentile.
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5. Resultsand Discussion

The resultingenhancedmagesmaintaina natural quality,
and as such, some enhancementsan be subtle. For this
reason,and becauseof colour in delity in print, the re-
sults are bestvisualizedon screen.A tone mappingfrom
bilateral ltering [DD0Z2] exhibits light global contrastoss
of C = 0:8747.While the effect of countershadingo re-
store global contrastis subtlein print, on screenthe in-
creasecchromacontrastat the horizonsenesto emphasize
the separatiorbetweerthe sky andthe mountainsasshavn
in Figure 9. The Strasbouy image,resultingfrom a gradi-
entmethodtonemappinglMMSO0€], exhibits greaterglobal
contrastoss(C = 0:47626)andsotheeffectof countershad-
ing is correspondinglystrongerasshovn in Figure12.

Figure 9: Global contrast enhancemenof bilateral Iter
tonemapping(top) resultsin an enhancedmage (bottom).

We begin by illustrating detail visibility restorationon a
poor quality LDR imageresultingfrom simplegammacor-

rectionin Figure 10. This didactic result exempli es how

our enhancementechniquereintroducesdetails and chro-
matic informationinto areaswherethey have beenlost, in

this case ,enhancinghe bleachedsky surroundingthe sun.
Figure 11 shaws the detailsvisibility lossmaskfor the café
imagetone mappedby photoreceptor[RD0Y, andtwo en-
largementslepictingthe o werdetailsandthemoredetailed
distantlandscapeThe original and enhanced_.DR images
areshawn in Figure 13, wheredetailsin the outdoorareas
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have closerappearanc theoriginalHDR. In Figure14, we
shaw the subtleeffect of restoringdetailsto the treeimage,
tonemappedoy adaptivelogarithmic mappingl DMACO03,

which resultsin brighter more detailedbackgroundtrees
andtextured sand,asin the original HDR (bestviewed on
screen).

Figure 10: GammacorrectedLDR g = 2:2 (top), and en-
hanced.DR (bottom)with HDR chromaanddetails.

Figure 11: Caféimage Details isibility Chang mask(left-
most); Enlargementsf original (left) andenhancedright).

6. Conclusions

In this work we take a non-standardpproacho the prob-
lem of depictingHDR imagesfor LDR display Insteadof

developing yet anotheralgorithm, we provide the means
to enhancethe depiction of an HDR image producedby
anarbitrarytonemappingalgorithm,thusrestoringoriginal
contrastinformation. Basedon experienceand conclusions
from previous work we identi ed two major distortionsin-
troducedo luminancewhile tonemapping:Global Contrast
ChangeandDetail Visibility ChangeTo ourknowledge we
presenthe rst objective perceptuametricsfor themeasure
of contrastdistortionsbetweeran HDR imageandits LDR
depiction.To constructhesemetrics,we extendedhetrans-
ducerfunction to handleHDR luminancelevels. We ana-
lyzedselectedonemappingoperatorsisingour metricsand
we providedanindicative characterizatioof theseoperators
in termsof globalcontraseinddetailpreserationin darkand
light regions.

Driven by thesemetrics,we presentechniquedor creating
enhancedmagesthat restorethe original HDR contrastin-

formationwith colour contrastachieved by chromascaling.
Theincreaseaolourcontrastaugmentsletail visibility, and
countershadingncourageshe prominenceof foreground
objectsthusreclaimingthelossin percevedglobalcontrast.
Luminancevaluesarenotaffectedby ouradjustmentsothat
we do not distortthe userschoiceof desiredtonemapping.
Instead,using the perceptuallymeaningfuldistortion mea-
sures,we introducecorrectionsto the LDR imageto com-
pensateor distortionswhile preservingthe preferredtone
mappeduminance.

Sinceonly luminancevaluesareevaluatedby our distortion
metrics,their applicationis mostsuitablefor theluminance-
basedsubsetof tone mappingoperators.Consideratiorto
colour contrastandan additionalmetric for analyzingHVS
colourreproductiorcould furtherimprove the existing met-
rics. Our techniquedor distortiondetectionand magnitude
evaluationcanbeusedwith othermethodsf percevedcon-
trastenhancementCFO03, including luminancemanipula-
tion,anenhancememhethodrecentlyexploitedin [LCDO6].
It would alsobeinterestingo designanalgorithmfor theef-
fective combinationof perceved contrastrestorationmeth-
ods. We recognizethat subjectve experimentscomparing
the original HDR to its enhanced.DR arerequiredto fully
evaluatethe succes®f our approachandwe considerthis
animportantpartof our futurework.
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Figure 12: Enhanceglobal contrast: Strasboug image resultingfrom a gradientmethodtone mapping(left), and with coun-
tershading(right). In this example the higher contrastcreatedwith chromahelpsto evole a greatersensenf scenedepth.

Figure 13: Detail restoation: Caféimage resultingfrom photoeceptortonemapping(left), andwith enhancedletails(right).
Noticethatthe owers, chairs andumbiellasare more visibleandthedistantlandscapecontainsmore detailsand depth.

Figure 14: Detail restoation: Treeimage resultingfromadaptivelogarithmicmapping(left), andwith enhancedietails(right).
Noticethatthe badkgroundtreesare more pronouncedandthere is additionaltexture in the sandyareas.
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