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Abstract
High DynamicRange (HDR) imagescapture thefull range of luminancepresentin real world scenes,andunlike
Low DynamicRange (LDR) images,cansimultaneouslycontaindetailedinformationin thedeepestof shadows
and the brightestof light sources.For displayor aestheticpurposes,it is oftennecessaryto performtonemap-
ping, which createsLDR depictionsof HDR imagesat thecostof contrast informationloss.Thepurposeof this
work is two-fold: to analyzea displayedLDR image againstits original HDR counterpartin termsof perceived
contrastdistortion,andto enhancetheLDR depictionwith perceptuallydrivencolour adjustmentsto restore the
original HDR contrast information.For analysis,we presenta novel algorithm for the characterizationof tone
mappingdistortionin termsof observedlossof global contrast,andlossof contourandtexture details.We clas-
sifyexistingtonemappingoperatorsaccordingly. Wemeasurebothdistortionswith perceptualmetricsthatenable
theautomaticandmeaningfulenhancementof LDR depictions.For image enhancement,we identifyartistic and
photographiccolour techniquesfromwhich wederiveadjustmentsthatcreatecontrastwith colour. Theenhanced
LDR image is an improveddepictionof theoriginal HDR imagewith restoredcontrastinformation.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3[ComputerGraphics]:Picture/ImageGeneration
I.4.0 [ImageProcessingandComputerVision]: GeneralImageprocessingsoftware

1. Intr oduction

High DynamicRange(HDR) imagesaccuratelydescribethe
wide rangeof luminancevisible in the realworld. Because
their dynamicrangeis broadenoughto representthe true
rangeof luminosity in a scene(between3 to 12 ordersof
magnitude),HDR imagescapturedetailsthatareperceived
by the humanvisual system(HVS) but missedby standard
photographictechniques.

HDR imagesarewell known to the computergraphicsre-
searchcommunity, andtherecentintroductionof HDR im-
agecreationandeditingcapabilitiesinto mostcommonim-
ageeditingsoftwareensuresthatHDR imageswill become
an increasinglycommonform for storing and manipulat-
ing visualinformation.Additionally, thehighquantityof in-
formationin HDR imagescanprevent editing artifactsand
shouldimprove theperformanceof imageprocessingalgo-
rithms. As such,there is new interestin HDR processing
techniquesandmethodsfor exploiting the expandedinfor-
mationcontainedin HDR images.

Tonemappingis the �rst andmostdevelopedresearcharea
in HDR imageprocessing[RWPD05]. Tonemappingcom-
pressesthewide dynamicrangeto a narrower rangefor dis-
play andaestheticpurposesthuscreatinganLDR depiction
of anHDR image.For a majority of existing tonemapping
operatorsthis is achieved throughthe reductionof physi-
calcontrastin LDR images.However, perceivedimagecon-
trastis not only a functionof thedynamicrangeof thetone
mappedimage,but alsodependssigni�cantly on other im-
age attributes such as lightness,hue, chroma,and sharp-
ness[CF03, Hun95]. This meansthat by skillfully tuning
theseattributes,the lossesin physical contrastdue to tone
mappingcanberestoredasperceivedcontrast.

In orderto restorephysicalcontrast,wemust�rst determine
thecontrastdistortionbetweentheHDR imageandthetone
mapping:how much perceived contrasthasbeenlost and
whereit shouldberestored.While muchwork hasbeendone
in thesubjectiveevaluationof differenttonemappingopera-
tors[LCTS05,YBMS05], to our knowledge,we presentthe
�rst feature-basedcharacterizationandobjective perceptual
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measureof tonemappingdistortion.Sincedistortionresults
from balancingthetrade-off betweenpreservingglobalcon-
trastandpreservingdetails,wecreateperceptualmetricsfor
Global Contrast Change and Detail Visibility Change be-
tweenanHDR imageandits tonemappedLDR counterpart.

Thechangein ratio betweenbrightestanddarkestpointsof
animageis a traditionalde�nition of globalcontrastchange
that is necessarilyadjustedby tonemapping,andso would
not be considereda distortion. Contrary to this de�nition
andothers,suchasoneusingthemulti-resolutionde�nition
givenby [MNN� 05], we considerglobalcontrastchangeto
bea characteristicde�ned by theshapeof thetonemapping
function,thusremoving theemphasisonextremebrightsand
darkswhich have lessimpact on the impressionof global
contrast.Our de�nition of global contrastchangeis more
closelyrelatedto imagecomprehension,whichaccordingto
Gestalttheorists,involvesthecognitivetaskof separatingthe
imageinto recognizableobjects,mostimportantly, thesep-
arationof foregroundobjectsfrom thebackground[Liv02].
As such,a decreasein global contrastmay make compre-
hensionof the LDR imagemoredif�cult, indicatinga loss
in visual communicationef�cacy. We de�ne Detail Visibil-
ity Changeasthe reduction,disappearanceor exaggeration
of high frequency contrastsin theLDR imagecomparedto
theHDR original.To obtainresultsthataccuratelyrepresent
thesetwo distortions,wedevelopnovel methodsto measure
their perceptualaspectsandwe analyzeseveral tonemap-
pingsaccordingly.

Once we localize contrastdistortionsresulting from tone
mappingandestimatethemagnitudeof thosedistortionsus-
ing a perceptuallylinear andmeaningfulscale,we cantry
to restoretheperceivedcontrastof theoriginalHDR image.
While variouscontrastcorrectiontechniquescould be en-
visioned[CF03], we adjustperceivedcontrastby operating
directly on chromaaccordingto our distortionmeasuments,
thusavoiding substantialchangesto the tonemappedlumi-
nance.Technically, chromahasa clearmathematicalde�ni-
tions(for examplein theperceptuallyuniform colourspace
CIELUV) andcanbeeasilyseton thepixel level. Thespa-
tial aspectof controllingchromafor neighbouringpixelsor
moredistantimageregionshasinterestingusesin perceived
contrastmanipulationandis widely exploitedby artistsand
photographers[Liv02].

Taking inspirationfrom paintingandphotography, we sug-
gest chroma operationsthat enhancethe appearanceof
global contrastand detail contrast.We enhanceperceived
global contrastby applying countershadingto encourage
image ef�cacy and to create the impressionof greater
global contrast.Countershadingis the juxtapositionof op-
posing gradientsto createan exaggerateddifferenceat a
featureboundary, often the boundarybetweenforeground
objects and the background.It is a techniquesused by
renownedphotographerPeteTurner, who characteristically
createsphotographswith saturationgradientsapplied to

Figure 1: Left: countershading with a saturation gradi-
ent of the sky in Orange Wall and Sea,by Pete Turner
(www.peteturner.com).Right: countershadingin Breakfast
Still-Life, Willem ClaeszHeda.Both from the Web Gallery
of Art (www.wga.hu).

backgrounds,andby Dutch still life painterWillem Claesz
Heda,who createsa diagonalcountershadingof the back-
ground,to makethebright foregroundregionsseembrighter
andthe dark regionsdarker, thuscreatingan impressionof
greaterdynamicrangeandstrengtheningobjectsilhouettes
(Figure1). We adjustthecolourof high frequency detailsto
introducevariationin saturation,a techniqueMichelangelo
employedto emphasizehighlights,contoursandtexturede-
tails andMonetusedto distinguishnearlyshapelessdetails
(Figure2) [Liv02].

Figure 2: Left: saturated details in The Holy Family with
the infant St. John the Baptist(the Doni tondo),Michelan-
geloBuonarroti. Right:Monet�ower detailsalmostentirely
distinguishedbycolours, fromTheArtist'sHouse.

The paper is structuredas follows. We �rst refer to the
relatedwork on imageenhancements,artistic colour tech-
niquesandvisibility metricsin Section2. In Section3, we
presentour perceptualmetrics for contrastdistortion be-
tweenHDR imageandits displayedLDR counterpart,and
performtheanalysisof existingtonemappingalgorithmsac-
cordingto thesedistortions.Next, in Section4 we propose
enhancementsof tonemappedimagesby colouradjustment.
Finally, wediscussour resultsin Section5 andconcludethe
paperin Section6.

2. RelatedWork

The imageenhancementaspectof this work relies exten-
sively ontheuseof colourin imageryandis relatedto image
recolourization.Colouris a prominentattributefor effective
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visualcommunicationandits useis addressedin avarietyof
�elds including colour appearancemodelling,scienti�c vi-
sualizationandimageprocessing.Thework mostcloselyre-
latedto our treatmentof colouris imagerecolouring,which
transferscoloursbetweenimages,introducescoloursinto a
greyscaleimageor quantizesthe numberof coloursin an
image[RAGS01,GH03,RGW05].

Given that colour is an inherentattribute of image qual-
ity, one would assumethat tone mapping operatorsper-
form somecolour enhancement.However, the majority of
tone mappingscompressonly luminancevalues,and are
not concernedwith color issues.Two notableexceptions
arethe iCAM model[FJ03] andthe multi-scaleadaptation
model [PFFG98], both of which are advancedimage ap-
pearancemodelsthat incorporatecolourappearancemodel-
ing [Hun95]. In this work, we addcolourenhancementatop
of an arbitrary tonemappingoperator, which compensates
for perceived contrastlossesdue to the physical contrast
compression,themajortaskof thetraditionaltonemapping
operator(refer to [RWPD05] for a detailedsurvey). Sucha
traditionaloperatoris oftendesignedto produceimagesthat
“look good”or to obtainaperceptualmatchbetweentheim-
ageandthecorrespondingrealworld scenes.Thesuccessof
meetingthesegoalsdependsheavily on particularHDR im-
agecharacteristicsandassuch,it is dif�cult to singleoutone
existingoperatorthatconsistentlyperformsbest[RWPD05].

Eachtone mappingoperatortakes form as a collection of
certainimageprocessingoperations,whoseimpact on the
perceivedimagequality or �delity to therealworld appear-
anceis not well understood.Recentpsychophysical studies
attemptto evaluatetonemappingoperatorsin termsof sub-
ject preferenceor �delity of the real world scenedepiction
[KYJF04,LCTS05,YBMS05]. In suchstudieseachoperator
is treatedasa “black box” andits performanceis compared
on thewholewith respectto otheroperators,without anat-
temptat understandingthereasonsfor subjects'judgments.
While somestudiesof tone mappingoperatorsgo further
andtake into accountthereproductionof overall brightness,
globalcontrastor details(local contrast)in darkandbright
imageregions[LCTS05,YBMS05], they remainfocusedon
comparingtheoperatorperformancefor eachof thesetasks.
Thesestudiesprovidenodeeperanalysisof how thepixelsof
anHDR imagehavebeentransformedby tonemappingand
in whatway theoutcomeof sucha transformationdepends
on imagecontent.Suchanalysiscould help in understand-
ing how particularimagecharacteristics,suchascontrastor
brightness,arelocally distortedby tonemappinganddeter-
mining the impact of suchdistortionson perceived image
quality.

In this work, insteadof subjective analysis,we focus on
global and local contrastdistortionsbetweenHDR image
andits tonemappedcounterpart.For this purposewe must
evaluatethemagnitudeof thesedistortionsalongaperceptu-
ally meaningfulscale.A numberof perception-basedvisible

difference(�delity) metricsfor imagepairshavebeendevel-
oped,mostlyfor imagecompressionandcolor reproduction
applications(refer to [Win05] for a recentsurvey of such
metrics).Stateof theart �delity metricssuchastheVisible
DifferencesPredictor(VDP) [Dal93] or the Sarnoff Visual
Discrimination Model (VDM) [Lub95] include many im-
portantcharacteristicsof theHVS, suchaseye optic imper-
fections,luminancemasking,the contrastsensitivity func-
tion (CSF), and patternmasking,making them very gen-
eral metrics.However, suchcomplex metricsmay perform
worsethan simpler metricsspecializedfor the task of de-
tectingwell-de�ned distortiontypes,suchasblocking arti-
factsthatarisein imagecompression[Win05]. Themajority
of existing �delity metricsarebasedon HVS modelsdevel-
opedthroughthresholdpsychophysical experimentswhose
goal is to determinethe magnitudeof a simplestimulusso
thatit becomesjustnoticeable.Suchmetricssuccessfullyde-
tect the presenceof perceivable imagedistortions,but per-
form poorly in estimatingthe magnitudeof suprathreshold
distortionsandpredictingtheir distractionto thehumanob-
server[CH03]. With its spatialfeaturesfor estimatingimper-
ceptibletexturedetails,theiCAM model[FJ03] is anexcep-
tion, however, sincethe magnitudeof perceptualresponses
to local contrastis not available,it cannot beusedto deter-
minethechangein detailvisibility.

In this work we aremostlyconcernedwith onewell de�ned
suprathresholddistortion:contrastcompressiondueto tone
mapping.Since�delity metricsdealingwith imagepairsof
drasticallydifferent dynamic rangeshave not so far been
proposed,and sincewe have found existing modelsto be
ill-suited for our purposes,we developcustom�delity met-
ricsfor comparingperceivedcontrastdifferencesbetweenan
originalHDR imageandits tonemappedLDR counterpart.

3. ToneMapping Distortions

All successfultone mappingoperatorsbalancethe trade-
off betweenloyal reproductionof the luminancerangeand
preservationof details.Onecanarguethethatphotographic
tonereproductionoperator[RSSF02] bestreproducesglobal
contrast,while the gradientdomaincompression[FLW02]
operatorbest preserves details.However, the accuracy of
suchstatementsmay dependon the particularHDR image,
and as concludedby evaluationsof tone mappingopera-
tors[YBMS05,LCTS05], it is dif�cult for onetonemapping
operatorto be well-suitedto all typesof images.Regard-
lessof technique,eachtonemappingoperatorintroducesa
degreeof distortioninto theresultingLDR tonemappedim-
age.Drawing conclusionsfrom previousevaluationsandour
own observations,weidentify two majorcontrastdistortions
resultingfrom tonemapping:

Global Contrast Change the ratio betweenlightest and
darkestareasof theHDR is reducedin theLDR,

Detail Visibility Change (texturesand contours)the high
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frequency contrastsof the HDR image become less
prominent,disappear, or becomeexaggeratedin theLDR.

A signi�cant Global ContrastChangeis undesirablenot
only for estheticreasons,but also becauseof changesin
imageunderstandability, despitegooddetail visibility. Cer-
tain specializedtonemappingoperatorsassigna wider dy-
namicrangeto detailedregionsto preservetexturesandcon-
tours,which resultsin a narrower dynamicrangeavailable
for global luminancechanges,decreasingtheratio between
lightestanddarkestareas.DetailVisibility Changeoccursei-
therbecausea region becomesentirelysaturatedor because
anareais mappedto very few or very low brightnesslevels.
Thesecondcaseis especiallyinterestingfrom theperceptual
pointof view, becausethephysicalcontrastsstill exist in the
LDR image,however thedetailsareinvisible to thehuman
observer.

3.1. Distortion Metrics

Ourgoalis to determinetheapparentdistortionin detailvisi-
bility andglobalcontrastchangewhichwereintroduceddur-
ing thetonemappingof HDR image.We focuson thelumi-
nancecompressionaspectof the operators.Insteadof ana-
lyzing particularalgorithmsone by one,we considertone
mappingas an unknown transformationappliedto the lu-
minanceof anHDR image,resultingin anLDR image.To
do so,we useknowledgeof humanperceptionto compare
a real world or syntheticscene,capturedas an HDR im-
age,to its LDR tonemappingasdepictedondisplaydevice.
Theoutputof ourmetricconsistsof asinglevaluerepresent-
ing theglobalcontrastchangefactorandamaprepresenting
themagnitudeof changein detailvisibility. Theunitsof the
detailvisibility mapareJustNoticeableDifferences(JND),
whichallows for aninformeduseof this informationfor po-
tentialperceptuallybasedcorrections.

To compareimagesof signi�cantly differentdynamicranges
we comparetheluminanceof anHDR image,denotedasY,
to the luminanceshown on a displaydevice, denotedasL.
To accuratelypredict the displayedluminance,we assume
thatsuf�cient characteristicsof thedisplaydeviceareknown
so that we can calculatethe luminancevalue in cd=m2 of
eachLDR imagepixel. For ansRGBmonitor, this requires
blackandwhite levelsincreasedby anambientillumination
level. Similarly, a photometricallycalibratedHDR imageis
desirable.

We transformthe gammacorrectedluminancevalues† y of
the LDR imageto display luminancevaluesL. Given the
displayblackLblack andwhiteLwhite levelsin cd=m2 andas-
sumingsRGBresponse,thetransformationis thefollowing:

† imageluminanceis calculatedfrom theRGBchannelsaccording
to the[ITU90] standard.

L = Lblack + sRGB� 1(y) � (Lwhite � Lblack): (1)

If the absoluteluminancevaluesof an HDR imageareun-
known, we align the relative HDR valuesY to the LDR
valuesL accordingto theaveragelogarithmic luminance,a
methodoften usedas an adaptationestimatein tonemap-
ping [DMAC03,RSSF02].

Global Contrast Change

Global contrastcan be measuredas a ratio of maximum
to minimum displayableluminance.Tone mappingalgo-
rithms, however, generallyusethe whole displaydynamic
rangewhich, accordingto above de�nition, always results
in maximumglobalcontrast.Yet imagesresultingfrom dif-
ferenttonemappingoperatorswith identicalratioscancre-
ate starkly different impressionsof global contrast,mean-
ing that sucha naïve measureis not appropriate.The vari-
ety in global contrastimpressioncomesfrom the different
shapesof tone mappingfunctions,and thereforeit is sen-
sible to analyzethesefunctionsto obtaina global contrast
estimate.Unfortunatelythesefunctionsareeitherunknown
or not well-de�ned, asin thecaseof gradientdomaincom-
pression. However, wearguethatageneralapproximationof
thetonemappingfunctionis suf�cient for estimatingglobal
contrast.In our metric, we approximatethe tone mapping
functionusinglinearregressionin thebrightnessdomain:

LB � TM(YB) = C�YB + B (2)

whereC and B are estimatedcoef�cients, andYB and LB
approximatebrightnessfollowing the Weber-FechnerLaw
(YB = log10Y, LB = log10L).

Given the tonemappingfunctionapproximation,we calcu-
latethedisplayluminancevaluescorrespondingto themin-
imum andmaximumluminanceof the HDR image.In our
opinion, thesevaluesare more reliable for global contrast
estimationin theLDR imagethanactualminimumandmax-
imum values.The calculatedvaluesre�ect the generalten-
dency of brightnessmappingratherthanbeinga productof
adetailenhancingprocedurewhich is independentof global
contrastrelations.We calculatethe global brightnesscon-
trastDLB usingthe tonemappingfunction estimationfrom
Equation(2):

DLB = TM(max(YB)) � TM(min(YB)) ; (3)

wheretheresultof tonemappingfunctionis clampedto the
minimumandmaximumdisplayablevalues.

Finally, to calculatetheGlobalContrastChangeC werelate
theglobalcontrastin LDR imageto its originalHDR:

C =
DLB

DYB
; (4)

whereDYB is a differencebetweenthe maximumandmin-
imum brightnessin theHDR image.C < 1 indicateslower
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global contrastin the LDR image, whereasC > 1 indi-
cateshigherglobal contrast.By deduction,the global con-
trast changeC is equivalent to the C coef�cient from the
brightnessmappingestimation(2).

The result of applying our measureof Global Contrast
Changeto two tone mappings(one global and one local)
is shown in Figure3. While both methodsmake useof the
entireavailabledynamicrange,theshapesof their mapping
functionsdiffer: theglobalmappingfunctioniswell-de�ned,
asopposedto thenon-uniformandscatteredlocal mapping
function.Higherglobalcontrastis obtainedwith theglobal
tone mappingmethod,whereasthe detail preservinglocal
methodexhibits a smallerratio betweenbright anddarkar-
eas(thefunctionapproximationis nearly�at).
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Figure3: GlobalContrastestimationfor global (left image,
topplot) andlocal (right image, bottomplot) tonemapping.
Each plot showspixel-by-pixelmappingbetweenHDR and
LDR,linear brightnessmappingestimation,dynamicranges
(d.r.) of LDRandHDR,andcontrastmeasures[DW00].

DetailsVisibility Change

Detailsof texturesandcontourscanbedescribedasthehigh
frequency contrastsbetweena pixel and its adapting�eld.
Visibility, theresponseof theHVS to themagnitudeof such
contrasts,is not linearanddependson theadaptationlevel.
Contrastvisibility canbeanalyzedin termsof contrastdetec-
tion andcontrastdiscrimination.We usecontrastdetection
for identifyingvisibledetailsin boththeHDR andLDR im-
ages,andwe usecontrastdiscriminationfor identifying the
magnitudeof visible differencein detail contrastbetween
theHDR andLDR images.

We start by identifying high frequency contraststhat pre-
sumablycreatetextureandcontourdetailsin theimage.For
eachpixel Yi we estimatetheadaptingluminanceYsp

i in its
neighbouringareaandcalculatethecontrastexpressedasa
logarithmicratioof luminancevalues:

G(Yi ;Y
sp
i ) = log10

max(Yi ;Y
sp
i )

min(Yi ;Y
sp
i )

: (5)

We simulate the adaptationto low spatial frequenciesin
an imageandwe take specialcareto prevent the in�uence
of signi�cantly differentluminancevalueson anadaptation
level. We obtainthe adaptationmapYsp by processingthe
HDR imagewith a low passbilateral�lter in thelogarithmic
domain.Sucha �lter removeshigh frequencieswhile pre-
servinghigh contrastedges.The adaptationmapis re�ned
by eliminating frequenciesabove 20 cycles per pixel and
preservingedgesof logarithmic contrastratio higher than
0:25.We calculatethehigh frequency contrastsof theLDR
imagein thesameway. It is importantto notethat thepar-
ticular choiceof the bilateral�lter for estimatingthe adap-
tationmapis not mandatory. Otheralgorithmsknown from
tonemappingcanbe usedas well, as long as they do not
introduceartifactsat thehighcontrastedges.

To estimatethe DetailsVisibility Changebetweentwo im-
agesof signi�cantly differentdynamicrange,knowledgeof
the hypotheticalHVS responseto given physical contrasts
undergivenadaptationconditionsis required.A reasonable
predictionfor a full rangeof contrastvaluesis givenby the
following transducerfunction that is derived and approxi-
matedby Mantiuketal. [MMS06]:

T(G) = 54:09288� G0:41850; (6)

with thefollowing properties:

T(0) = 0 and T(Gthreshold) = 1: (7)

The transducerfunction estimatesthe HVS responseto
physicalcontrastin JustNoticeableDifference(JND) units.
Thusfor a givencontrastthreshold,Gthreshold, a transducer
valueequals1 JND.It is importantto notethatthis measure
holdsfor suprathresholdmeasurements,sinceit notonly es-
timatesthedetection,but alsothemagnitudeof change.

The approximationgiven by Equation(6) hasbeenderived
with theassumptionof 1% contrastdetectionthreshold,i.e.
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Gthreshold = log10(1:01). Althoughsuchanassumptionis of-
tenmadein imageprocessingfor LDR, thedetectionthresh-
old dependsonanadaptingluminancelevel andis described
by the ThresholdVersusIntensity(TVI) function [CIE81].
TheTVI functionshows that this thresholdvariesin the lu-
minancerangeof displaysandthe dynamicrangein HDR
is often high enoughto make this 1% assumptionfor the
detectionthresholdinaccurate.Wethereforederiveascaling
factort(Ysp) for thetransducerfunction(6) whichadjustsits
properties(7) to matchtheTVI functionfor givenanadapt-
ing luminance:

t(Ysp) =
log101:01

log10
Ysp+ tvi(Ysp)

Ysp

: (8)

Sucha scalingfactoris appropriatebecausetheapproxima-
tion of thetransducerfunction(6) wasderivedwith starting
conditionsfrom (7), andsincethein�uence of thethreshold
is multiplicative [MMS06]. Figure4 illustratesthe magni-
tudeof changein theHVS responsedependingontheadapt-
ing luminance.Theresponsechangesby afactorof almost1
orderof magnitudewithin thevisible rangeof luminanceon
adisplay. In practice,thescalingfactorreducestheresponse
to contrastin thedarkareasof animage.
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Figure 4: Plot of a scalefactor from Equation(8). Lumi-
nancerangeof a typicalLCD displayis 2 to 200cd=m2.

Given the scaledtransducerfunction, we can estimatethe
hypotheticalresponseof theHVS to thehighfrequency con-
trastsmeasuredwith equation(5):

T � (Yi ;Ysp) = T(G(Yi ;Y
sp
i )) � t(Ysp

i ): (9)

The responseT � is expressedin JND units, which means
that a detailYi is visible undergiven luminanceconditions
only if T � > 1. Given this relation,we areableto estimate
the detailsof a displayedLDR imageandthe detailsof an
HDR imagewhich would be visible to a humanobserver.
Furthermore,sincethetransducerfunctionis a suprathresh-
old measure,we areableto estimatechangeby comparing
the magnitudeof detail visibility in a displayedLDR im-
ageto its HDR version(spatialargumentsare omitted for

brevity):

DT � (Yi ;Li) =

8
<

:

1 for T � (Yi) > 1 > T � (Li);
0 for kT � (Yi) � T � (Li)k < 1;
T � (Yi) � T � (Li) otherwise.

(10)
For practicalreasons,we considertheaveragedetailvisibil-
ity measureover its neighbouringpixels,denotedasT � , be-
causeweareinterestedin generaldetailvisibility in acertain
arbitrarysmallarea.As shown in Equation10, we consider
threecasesof detail visibility change.Whena responseto
highfrequency contrastin theHDR imageis attenuatedfrom
above1 JNDto below 1 JND in thetonemappedimage,the
changeis 1 JND. Whenthedifferencein responseis below
1 JND, thechangeis deemedinvisible andis setto 0. In all
othercases,themagnitudeof Detail Visibility Changeis set
to the differencein responsesT � . We illustrate the perfor-
manceof thismeasurein Figure5.

A CB

Figure 5: Detail Visibility. HDR image (A) containssubtle
re�ection on a surfaceof the cup. A global tone mapping
(B) revealsthecoffeebeansin theshadowbut there�ection
detailsbecomeindiscernible. Theareasof image with lost
details are predictedby our metric (C), where red colour
marksDT � > 1.

3.2. Analysisof Distortions

We analyzedthe performanceof 8 tonemappingmethods
in terms of Global ContrastChangeand Detail Visibility
Changeusingthe presentedmetrics.The analysiswasper-
formedonasetof 18HDR imageswith anaveragedynamic
rangeof approximately4 ordersof magnitudeanda resolu-
tion between0:5 and4 megapixels.Thesetcontainedavari-
etyof sceneswith differing lighting conditionsandincluded
panoramicimages.We testedthe following global (spa-
tially uniform) tonemappingalgorithms:gammacorrection
(g = 2:2), adaptivelogarithmic mapping[DMAC03], pho-
tographictonereproduction(global)[RSSF02], photorecep-
tor [RD05]; and the following local (detail preservingal-
gorithms): gradient domain compression[FLW02], bilat-
eral �ltering [DD02], lightnessperception[KMS05], pho-
tographic tone reproduction (local) [RSSF02]. The tone
mappedLDR imageswereobtainedeitherfrom theauthors
of thesemethodsor by usingpublicly availableimplementa-
tions[pfs]. Tonemappingparameterswere�ne tunedwhen-
everdefault valuesdid notproducesatisfactoryimages.
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In practice,the contrastdetectioncomponentof our Detail
Visibility Changemetricrequiredcalibrationto correctlyes-
timate the visibility of subtledetails in extremedark and
light regions.We introduceda scalingfactorto Equation8
to increasethe predictedresponseof the HVS to contrasts,
andfoundthatavalueof 1:89 led to satisfactorypredictions
in our setof test images.The displaycharacteristicscorre-
spondedto atypicalconsumerLCD with ansRGBresponse,
black level at 2:5cd=m2, andwhite level at 210cd=m2 mea-
suredin of�ce illuminationconditions.

In ouranalysis,wemeasuretheGlobalContrastChangeac-
cordingto Equation(4). However, in thecaseof Detail Vis-
ibility Changewe limit possibleanalysisto the casewhen
visible details in the HDR imagebecomeinvisible in the
tonemappedimage.This is a signi�cantly moreimportant
casethancontrastmagnitudechange.Following [YBMS05],
weperformDetailVisibility analysisseparatelyondarkand
light areas.To distinguishtheseareas,wecomparetheHDR
pixel luminanceto thelogarithmicaverageluminanceof the
HDR image.

The results of analysisare summarizedon plots shown
in Figure 6. In termsof Global ContrastChange,the ad-
vantageof the photographic tone reproduction (local &
global) methodsis clearly visible – global contrast im-
pressionis conveyed almost without any change.These
methodswere also among the top rated in other studies
[LCTS05,YBMS05]. However, they resultin thelossof de-
tail information in dark areas.This is particularly interest-
ing for the local versionof theoperator. Althoughphysical
high frequency contrasthasbeenpreserved in dark areas,
the luminancehasbeenmappedto very low values,mak-
ing the detectionof thesedetails impossible.The advan-
tageof thelocal versionis obviousin thelight areas,where
tone mappingled to a verbatimdetail preservation. There
is a visible tendency of local methodsto be lessef�cient
in limiting the Global ContrastChange,while beingbetter
for detail visibility. A notableexampleis the gradientdo-
main compression, which preservesdetailsin dark areasat
thecostof a signi�cant reductionto theratio betweenlight
anddarkareas.Clearly, thetrade-off betweendetailvisibil-
ity andglobal contrastseemsunavoidable.Oneinteresting
exceptionis adaptivelogarithmicmapping, which is ableto
limit thechangein globalcontrastwhile performingexcep-
tionally well at preservingdetailvisibility in darkareas.

Fromthestandarddeviation barsof Figure6, it canbeseen
thattheperformanceof eachoperatorvariedover theimage
set,meaningthata universaltonemappingoperatorhasnot
yetbeeninvented.Sincethediscoveryof auniversaloperator
seemsunlikely, insteadof developinga new algorithm,we
decideto counterthe distortionswith enhancementsto the
tonemappedLDR imagesusingthe distortioninformation
obtainedfrom ourGlobalContrastChangemetricandDetail
Visibility Changemap.

 0  0.2  0.4  0.6  0.8  1

to
ne

 m
ap

pi
ng

 m
et

ho
d

change in global contrast

photoreceptor

lightness perception

adaptive logarithmic mapping

bilateral filtering

photographic tone reproduction

photographic t.r. (global)

gamma 2.2

gradient domain compression

-0.05  0  0.05  0.1  0.15  0.2  0.25
to

ne
 m

ap
pi

ng
 m

et
ho

d

dark area with lost details

photoreceptor

lightness perception

gamma 2.2

adaptive logarithmic mapping

gradient domain compression

bilateral filtering

photographic tone reproduction

photographic t.r. (global)

-0.05  0  0.05  0.1  0.15  0.2  0.25

to
ne

 m
ap

pi
ng

 m
et

ho
d

light area with lost details

photoreceptor

lightness perception

gamma 2.2

adaptive logarithmic mapping

gradient domain compression

bilateral filtering

photographic tone reproduction

photographic t.r. (global)

Figure 6: Analysis of distortions. Top: Global Contrast
Change, value1 representsnocontrastchange, < 1 denotes
contrastattenuation.Middle: Detail Visibility in dark areas
expressedasa relativeareawhere detailsbecameinvisible
after tonemapping. Bottom:Detail Visibility in light areas.
Each bar representsmeanvalueandstandard deviation.

4. Contrast Restorationby Colour Adjustment

Following the measurementof tone mappingdistortion in
termsof changein Global Contrast and Details Visibility,
we approachtheproblemof compensatingfor thesedistor-
tions.For eachtype of distortion,we identify a restoration
techniquethatusesthecontrastchangeinformationto intro-
ducenew contraststhatrestoretheoriginalcontrastinforma-
tion. Our techniquefor restoringglobalcontrastis counter-
shading,andourtechniqueto restoredetailvisibility is aper-
pixel contrastincreasebetweendetailpixelsandtheir imme-
diateneighbourhood.Sincetonemappinginvolvesa trade-
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off betweendetail preservation and global contrastcom-
pression,onerestorationtechniquewill beprominent.When
bothdistortionsarepresent,they will beslight,allowing the
combinationof bothrestorations.In thesecases,it is bestto
beginwith detailrestorationsoasnottodisrupttheglobalef-
fect of countershading.Althoughin this paperwe introduce
only colourcontrasts,therestorationtechniquesaregeneral
toolsandcanbeusedto addany kind of visualcontrast.

Visual contrastis createdin many ways[CF03], colourbe-
ing one very importantcontributor. Colour contrastis the
perceived differencethat arisesfrom the juxtapositionof
two different colours.Such contrastis ideal for restoring
lost luminancecontrastresulting from HDR compression
becausecolour is a �e xible andaestheticproperty, andbe-
causecolour is often treatedtoo casuallyby tonemapping
operators.An additionalreasonfor working with colour is
to limit changesto thehigh quality luminancecompression
resultingfrom thetonemapping.Of thesevengeneraltypes
of colour contrast[Itt61], we focus on contrast of satura-
tion andcontrastof complements, illustratedin Figure7. We
chooseto createcontrastof saturationandcomplementsby
scalingchroma,aperceptualmeasureof colourfulness,with
negative scalevaluesmoving thecolourtowardsa saturated
opponentcolour. We chooseto adjust coloursby chroma
scalingbecauseits independencefrom thelightnesschannel
providesastraightforwardwayto limit luminancemodi�ca-
tion.

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

Chromascaling strengthensimage colourfulness,a com-
mon trendin photography, andalthroughincreasedcolour-
fulnessleadsto somewhat unnaturalimages,up to a max-
imum colourfulnesspoint they are still preferredby hu-
mans[FdB97]. This phenomenaexists partly becauseim-
agesareusuallyjudgedwithout directreferenceto theorig-
inal sceneandmemoryfor colouredobjectscanbe unreli-
able[Bar60], somanipulatedchromaincreaseoftenremains
unnoticedwhile theperceived imagequality is consistently
rankedhigher.

We work in the approximatelyuniform perceptualCIE
L� u� v� colour spacewhere axis L� representsperceived
lightnessandu� andv� areroughlydecorrelatedchromatic
axes coinciding with red/greenand yellow/blue opponent
hue pairs.This spaceis ideal for our imageenhancement
becauseluminanceis relatedto a perceptualscaleof light-
nessandbecausethe spaceprovidesa correlateof chroma,

C�
uv, de�ned as

C�
uv = (u� 2 + v� 2)1=2; (11)

which canbeinterpretedasa perceptualmeasureof colour-
fullness with respect to a white of similar brightness
[Hun95]. Scalingchromato mC� by scalingboth u� and
v� by m increasesor decreasesthe perceived colourfulness
withoutchanginghueanglehuv or lightnessL� , wherehuv is
a correlateof huede�ned by arctan(v� =u� ). Whenm � 1,
chromaincreases(colour becomessaturatedwith respect
L� ), andwhenm< 1, coloursbecomedesaturateduntil they
areachromaticandthenbecomesaturatedin the opponent
hue.The colour differencein L� u� v� betweentwo colours
differingonly by scaledchromais then

DC�
uv = jC�

uv(m� 1)j: (12)

4.1. Global Contrast Technique

Global Contrast Restoration introducescountershadingto
the image to enhancethe perceived dynamic range,thus
making the LDR global contrastimpressionapproachthat
of the original global contrast.We de�ne countershading
as the juxtaposition of gradientson either side of large
featureboundaries(often foreground/background)creating
an higher contrastborderthat gives the illusion of greater
global contrast.Artists employ countershading,recall Fig-
ure1, oftencreatingacontrolledhaloat largefeaturebound-
ariesto increasetheperceivedbrightnessdifferencebetween
the featureand its surround,helping the HVS performthe
cognitive taskof segmentingfeaturesfrom the background
[Tum99]. Visual perceptionhas attemptedto explain this
phenomemon,with the effect being known as the Craik-
Cornsweet-O'Brienillusion: a localattribute(theCornsweet
edge)hasa global effect, or asthe perceived brightnessof
two adjacentregionsis affectedby thecontrastat their bor-
der, Figure8 [KM88].

Figure8: Exampleof countershadingwith luminancevalues
(left), the luminancepro�le resultsin a differentbrightness
pro�le .

Becausewe work with chroma, we do not make exact
useof the speci�c Cornsweetillusion. Instead,we createa
Cornsweet-styleedgeof chromacontrastalong the border
betweentheforegroundandbackgroundof theimageby ap-
plying chromascalevaluesmde�ned as:

mi; j =
�

a� exp(� d2=s 2) + 1; Ii; j 2 SegmentA
a� (1� exp(� d2=s 2)) + 1; Ii; j 2 SegmentB

(13)
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whered is the shortestdistanceto the border(0 � d � 1),
a is theamplitudeof thescaling,ands speci�esthewidth
of theslopeof scalevalues.Theamplitudeof thescalingis
a = 2(1� C), for C � 1, otherwiseno enhancementis re-
quired.Thewidth of theslope,s , is setaccordingto theim-
agesize(weuses = 0:5 for all our imagesasthey havesim-
ilar size).We obtaintheborderby partitioningtheHDR lu-
mianceY into two segmentsusingK-meansimagesegmen-
tation, which wassatisfactory for our test images.A more
elaborateimagesegmentationtechniquecanbe usedfor in
challengingcases,for instance,whenasimplesegmentation
returnsunadjoiningregionsor whenregionsdonotmeetthe
imageboundaries[KMS05].

4.2. DetailsVisibility Technique

Detail Visibility Restoration is a per-pixel operationthatdi-
rectly increasesthevisualcontrastbetweendetailpixelsand
their surroundingneighbourhood,therebyimproving their
saliencein theimage.This operationworksmuchlike mod-
ulatinga basesignalwith a detail signal.To createcontrast
by chromascaling,welocally increasepixel chromapropor-
tionally to the detail visibility loss maskDT � from Equa-
tion 10. Weoperateonly onHDR highfrequency pixels(de-
terminedwith bilateral�lter asin Section3.1), makingour
approachdifferentfrom a globalchromaincrease,which is
commonlyperformedto improvetheoverallperceivedqual-
ity of images[FdB97].

Given a tonemappedLDR imageI in L� u� v� , we �rst set
pixels with unde�nedC�

uv or C�
uv drasticallydifferent from

the HDR imageto properlyscaledHDR u� andv� values,
thusreintroducingchromaticinformationthathasbeenlost
dueto clamping.Wede�ne theenhancedimageI 0as

I0= (L�
uv(I ); mC�

uv(I ); huv(I )) (14)

for scalevaluesm that aredeterminedby relatingthe JND
valuesof DT � to DC�

uv(I
0; I ) = jC�

uv(I )(m� 1)j. We have
found throughexperimentsthat oneJND is approximately
6:89DC�

uv units.

m= �
�

6:89T � (IY; IL)
C�

uv(I )
+ 1

�
(15)

Since humansfavour increasedsaturation,we favour the
positive scalevalues,and selectively usenegative chroma
scalevaluesif they do not breakthe impressionof natural-
ness[deR96]. Theamountof affectedpixelsis controlledby
parameterson thebilateral�lter . We seta minimumreliable
chromavalueso asnot to scaleany unreliablepixels, thus
avoiding the enhancementof noise.Additionally, the white
pointof theimagedrasticallyimpactstheoverall impression
of the image,so we do not modify pixels within the 99th
luminancepercentile.

5. Resultsand Discussion

The resultingenhancedimagesmaintaina naturalquality,
and as such, someenhancementscan be subtle. For this
reason,and becauseof colour in�delity in print, the re-
sults are bestvisualizedon screen.A tone mappingfrom
bilateral �ltering [DD02] exhibits light globalcontrastloss
of C = 0:8747. While the effect of countershadingto re-
store global contrastis subtle in print, on screenthe in-
creasedchromacontrastat thehorizonservesto emphasize
theseparationbetweenthesky andthemountains,asshown
in Figure9. The Strasbourg image,resultingfrom a gradi-
entmethodtonemapping[MMS06], exhibits greaterglobal
contrastloss(C = 0:47626)andsotheeffectof countershad-
ing is correspondinglystronger, asshown in Figure12.

Figure 9: Global contrast enhancementof bilateral �lter
tonemapping(top) resultsin anenhancedimage (bottom).

We begin by illustrating detail visibility restorationon a
poorquality LDR imageresultingfrom simplegammacor-
rection in Figure 10. This didactic result exempli�es how
our enhancementtechniquereintroducesdetailsand chro-
matic information into areaswherethey have beenlost, in
this case,enhancingthe bleachedsky surroundingthe sun.
Figure11 shows thedetailsvisibility lossmaskfor thecafé
imagetonemappedby photoreceptor[RD05], andtwo en-
largementsdepictingthe�o werdetailsandthemoredetailed
distantlandscape.The original andenhancedLDR images
areshown in Figure13, wheredetailsin the outdoorareas
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havecloserappearanceto theoriginalHDR.In Figure14, we
show thesubtleeffect of restoringdetailsto thetreeimage,
tonemappedby adaptivelogarithmicmapping[DMAC03],
which resultsin brighter, more detailedbackgroundtrees
andtexturedsand,as in the original HDR (bestviewed on
screen).

Figure 10: GammacorrectedLDR g = 2:2 (top), and en-
hancedLDR(bottom)with HDRchromaanddetails.

Figure11: Caféimage DetailsVisibility Changemask(left-
most);Enlargementsof original (left) andenhanced(right).

6. Conclusions

In this work we take a non-standardapproachto 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 experienceandconclusions
from previous work we identi�ed two major distortionsin-
troducedto luminancewhile tonemapping:GlobalContrast
ChangeandDetailVisibility Change.To ourknowledge,we
presentthe�rst objectiveperceptualmetricsfor themeasure
of contrastdistortionsbetweenanHDR imageandits LDR
depiction.To constructthesemetrics,weextendedthetrans-
ducer function to handleHDR luminancelevels. We ana-
lyzedselectedtonemappingoperatorsusingourmetricsand
weprovidedanindicativecharacterizationof theseoperators
in termsof globalcontrastanddetailpreservationin darkand
light regions.

Drivenby thesemetrics,we presenttechniquesfor creating
enhancedimagesthat restoretheoriginal HDR contrastin-
formationwith colourcontrastachievedby chromascaling.
Theincreasedcolourcontrastaugmentsdetailvisibility, and
countershadingencouragesthe prominenceof foreground
objects,thusreclaimingthelossin perceivedglobalcontrast.
Luminancevaluesarenotaffectedby ouradjustmentssothat
we do not distort theuserschoiceof desiredtonemapping.
Instead,using the perceptuallymeaningfuldistortionmea-
sures,we introducecorrectionsto the LDR imageto com-
pensatefor distortionswhile preservingthe preferredtone
mappedluminance.

Sinceonly luminancevaluesareevaluatedby our distortion
metrics,theirapplicationis mostsuitablefor theluminance-
basedsubsetof tone mappingoperators.Considerationto
colourcontrastandanadditionalmetric for analyzingHVS
colourreproductioncouldfurther improve theexisting met-
rics. Our techniquesfor distortiondetectionandmagnitude
evaluationcanbeusedwith othermethodsof perceivedcon-
trast enhancement[CF03], including luminancemanipula-
tion,anenhancementmethodrecentlyexploitedin [LCD06].
It wouldalsobeinterestingto designanalgorithmfor theef-
fective combinationof perceived contrastrestorationmeth-
ods. We recognizethat subjective experimentscomparing
theoriginal HDR to its enhancedLDR arerequiredto fully
evaluatethe successof our approach,andwe considerthis
animportantpartof our futurework.
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Figure 12: Enhanceglobal contrast: Strasbourg image resultingfroma gradientmethodtonemapping(left), andwith coun-
tershading(right). In thisexample, thehighercontrastcreatedwith chromahelpsto evokea greatersenseof scenedepth.

Figure13: Detail restoration: Caféimage resultingfromphotoreceptortonemapping(left), andwith enhanceddetails(right).
Noticethat the�owers,chairsandumbrellasaremorevisibleandthedistantlandscapecontainsmoredetailsanddepth.

Figure14: Detail restoration: Treeimageresultingfromadaptivelogarithmicmapping(left),andwith enhanceddetails(right).
Noticethat thebackgroundtreesaremorepronouncedandthere is additionaltexture in thesandyareas.
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