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ABSTRACT

Theadvancesin high dynamicrange(HDR) imaging,especiallyin thedisplayandcameratechnology, have a signi�cant
impacton the existing imagingsystems.The assumptionsof the traditional low-dynamicrangeimaging,designedfor
paperprint asa majoroutputmedium,areill suitedfor therangeof visualmaterialthatis shown on moderndisplays.For
example,the commonassumptionthat the brightestcolor in an imageis white canbe hardly justi�ed for high contrast
LCD displays,not to mentionnext generationHDR displays,that caneasilycreatebright highlightsandthe impression
of self-luminouscolors.Wearguethathighdynamicrangerepresentationcanencodeimagesregardlessof thetechnology
usedto createand display them, with the accuracy that is only constrainedby the limitations of the humaneye and
not a particularoutputmedium. To facilitatethe researchon high dynamicrangeimaging,we have createda software
package(http://pfstools.sourceforge.net/)capableof handlingHDR dataon all stagesof imageandvideoprocessing.The
softwarepackageis availableasopensourceunderthe GeneralPublic Licenseand includessolutionsfor high quality
imageacquisitionfrom multipleexposures,a rangeof tonemappingalgorithmsandavisualdifferencepredictorfor HDR
images.Examplesof shellscriptsdemonstratehow thesoftwarecanbeusedfor processingsingleimagesaswell asvideo
sequences.
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1. INTRODUCTION

A commonimageformats,suchasJPEGor GIF, althoughenourmoslypopular, arevery limited in termsof preserving
dynamicrangeandcolor gamutof real-world scenes.To addressthis problem,several customimageformats,tailored
to the requirementsof a particluarapplicationanddiscipline,have beendeveloped. Theseincludehigh dynamicrange
(HDR) formatsusedin computergraphics(RGBE,OpenEXR);cameraRAW formatsusedin photography; the DICOM
imageformat usedin medicalimaging; or the DPX format usedin cinematography. Theseformats,althoughsuperior
to standardimagesin termsof �delity , cannotgain a wide-spreadacceptancebecauseof lack of standardsandef�cient
compressionalgorithms.But, beforesuchstandardscanbe establishedandnew compressionalgorithmsaredeveloped,
thereis aneedfor ahigh-level view on thegeneralimagingpipeline,its goalsandlimitations.

High dynamicrangeimaging(HDRI) is anew disciplinethatinvolvesahighly accuraterepresentationof images.As it
originatesfrom light simulation(computergraphicsrendering)andmeasurements,thepixelsof HDR imagesareassigned
aphysicalmeaning,while mostimagingdisciplinesaremorerelaxedaboutwhatinformationapixel contains.Thishighly
accuraterepresentationof imagesgivesan uniqueopportunityto createa commonimagingframework, that could meet
therequirementsof differentimagingdisciplines.HDRI couldalsofostera uni�ed terminologyandbetterunderstanding
of imagingfrom theperspective of boththephysicsof light andvisualperception.

In this paperwe presenta holistic approachto the imagingpipeline(Section2) anddisentanglesomeimagingtermi-
nology (Section3). The conceptof high dynamicrangeimagesandits advantagesarediscussedin Section4. We then
describea softwarepackagethat operateson HDR images(Section5). The softwarehasbeendevelopedfor reserach
purposesandmadeavailableasanopensourceproject.Theapplicationof thissoftwareis shown ontheexamplesof HDR
imageacquisition(Section6), tonemapping(Section7), and�delity/quality assessment(Section8).
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Figure1. Exampleof animagingpipeline— from acquisitionto display. Differentstagesof processinginvolvedifferentrepresentation
of animage.

2. IMA GING PIPELINE

Figure1 illustratesan exampleof an imagingpipelinethat startswith acquisitionof a real world sceneor renderingof
anabstractmodelusingcomputergraphicstechniquesandendsat a display. Eachstageof a typical pipelineoperateson
images,which in theoryshouldbe2D arraysof light measurements,but in practicethey aredesignedto evoke themost
realisticimpressionof brightness,hueandcolorfulnessof theoriginal scenewith therigid assumptionof adisplaydevice.
Theprocessingassociatedwith eachstageusuallyaimsat deliveringthebestlooking images,which areprobablysharper
andmorecolorful thantherealscenes.Therepresentationof animageateachstageof theimagingpipelineoftendepends
onthetechnologyused,for instance,onthe“gammacorrection”of acameraor adisplay(moreonthis in thenext section),
on differentcolor characteristicsof a device andthealgorithmsthathave beenusedto “beautify” animage.As theresult,
eachstageof sucha pipelineoperateson very vaguelyde�ned data,which is dif�cult to standardize(for example,many
yearsof effort havebeenneededto standardizetheICC pro�les).

Theonly reasonwhy theactualimagingpipelinesdo anacceptablejob is becausethehumaneye hasa hugetolerance
for all imperfectionsthatarepresentin images.Printsor imagesdisplayedonmonitorsarealmostnevercomparedwith real
scenes,but ratherwith the their memorizedappearance,which is imprecise.1 Also, thedifferencein viewing conditions
(illumination, �eld of view, etc.) betweenthe reality andthe reproductiondoesnot allow to deliver preciselythe same
visualstimuli. Therefore,thegoalof mostimagingpipelinesis to reproducetheappearanceof a scene,but not necessary
to deliver thesamephysicalstimuli to oureyes.

Thereasonwhy theexisting imagingpipelinesstartto revealtheir shortcomingsis a technicalprogressin bothdigital
camerasanddisplays. Therearecamerason the market that cancapturea sceneof over 120dB(e.g. HDRC, OMRON
Stuttgart), comparedto about55dB in the caseof traditionalcameras.The arealsoHDR displaysthat canoutput the
contrastof 1 : 50 000,2 comparedto 1 : 2 000 for the latestLCD displays. However, an imagetaken with a traditional
cameracan not take the full advantageof an HDR display becauseof the limited dynamicrangeof the photograph.
Similarly, the outputfrom an HDR camerais heavily distortedwhenstoredusingexisting imageformatsandcannotbe
directly displayedon traditionaldisplays.Thestagesof animagingpipelinebecomeincompatibleif thedevicesof higher
dynamicrangeor color gamutareused.Therefore,the imagingpipelinesmustbethoroughlyredesignedin orderto take
advantageof thesenew technologies.In thenext sectionsweexplainseveralquantitiesassociatedwith HDR representation
of imagesandthenweoutlinetheconceptof HDR imaging,whichaddressestheshortcomingsof existingsolutions.

3. TERMINOLOGY

In this sectionwe explain several physical and perceptualquantitiesimportantfor digital imaging. We do not give a
completeor exhaustive introductionto radiometry, photometryor colorimetry, sincetheseare describedin full extend
elsewhere,3,4 but we ratherfocuson theconceptsthatarefundamentalto HDR imaging.

3.1.Light

As any complex phenomena,light canbedescribedby multitudeof quantities.Themostaccurate,in physicalsense,is a
radiometricmeasureof spectral radiance. Spectralradianceis ameasureof photon�ux of particularwavelengthtraveling
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Figure 2. Left: Transferfunctionsof severaldigital cameras.Theresponsesof red,greenandbluecolor componentsareaveragedand
representedasa single line. The curvesweremeasuredusingpfscalibration softwaredescribedin Section6. Right: Luminanceto
lumamappingsderivedfrom thecharacteristicof theHVS5 (blue)comparedwith thenon-linearityof thesRGBcolorspace(pink). The
power functionusedin sRGBcannotbeusedfor thefull visible rangeof luminance.

throughan in�niti vely small areain particulardirection(solid angle)at a unit of time. Spectralradianceis commonly
usedin light transfersimulations,suchascomputergraphicsrenderingalgorithmsthatsolve global illumination problem.
Sincespectralradianceneedsto bespeci�edfor acontinuumof wavelengths,it wouldbeacumbersomemeasurein many
applications.Therefore,photometryde�nes a measureof luminance, which integratesspectralradianceover all visible
wavelengthsusingtheluminousef�ciency functionV. ThefunctionV approximatessensitivity of thehumanvisualsystem
to spectralwavelengths.Theimportantpropertyof bothmeasuresis thatthey stayconstantregardlessof thedistancefrom
a light sourceto a sensor(assumingno in�uence of themedium,in which the light travels). Thesensorcanbecamera's
CCD chip or a photoreceptorin the eye. Most HDR imagesdo not containactualvaluesof luminance,but the values
of luminance factor. Luminancefactoris a relative valueof luminancethatdiffers from actualluminanceby a constant
multiplier.

Although radiometricor photometricunits give probablythe mostaccuratedescriptionof light, the outputof most
imagingsystems,including photoreceptors,is neitherluminancenor spectralradiance.Figure2 illustratesthe response
functionsthatdescribetherelationbetweeninput luminanceandoutputvaluesfor severaldigital cameras.Theresponseof
mostimagingsystemsusuallyfollowsanS-shapedcurve,whichtendsto saturateboththehighestandthelowestluminance
values.In thispaperweuseluma termto namethesensor'soutputvalues.Lumais awordcoinedby theNTSCto prevent
confusionbetweenthe video signalandthe traditionalmeaningof luminance. Sinceeachsensorhasits own response
characteristic,it is impossibleto de�ne asingleformulafor luma.Therelationsbetweenluminanceandlumausedin LDR
videocompression,which aresometimescalledtransferfunctions,usuallyinvolve a power functionsimilar to thegamma
correction.Thesefunctionshowever, poorly machperformanceof thevisualsystemfor the luminancevalueslarger than
1 000cd=m2. To addressthisproblem,morerobustlumaencodingsthataresuitablefor thefull rangeof visible luminance
havebeenproposed.5 Theencodingthatde�neslumain termsof sensitivity of thehumanvisualsystemto light, is shown in
Figure2-right. Oneadvantageof suchperceptualrepresentationof luminanceis thatsuchameasureof light is perceptually
linearized,whichmeansthatlumavaluescorrelatewith ourperceptionof brightness.

Another importantaspectfor most imagingapplicationsis the rangeof luminanceandluma valuesthat an imaging
pipelineshouldhandle. A auf�cient rangeof luminanceis within 10� 5 cd=m2 and1010 cd=m2, which cancapturethe
luminanceof bothamoonlesssky (3� 10� 5 cd=m2) andthesurfaceof thesun(2� 109 cd=m2). This rangeof luminancecan
beencodedaslumausing4096discretestepssothatthedifferencebetweentwo consecutivestepsis notperceivable.5 This
shows thatevenif theabsoluterangeof luminancetheeyecanseeis impressive, theactuallimitation of theHVS doesnot
allow usto seemorethanabout4000visuallydifferentshadesof gray, andthosecanbeseenonly if theslow mechanisms
of visualadaptationareinvolved.

In this shortoverview we intentionallyskippedmostaspectsof imageappearance,suchasperceptionof brightness,
hueandcolorfulness,aswell astheconceptsof whitepointandchromaticadaptation.An excellentdiscussionof thesecan
befoundin.3



1. Contrastratio 1 : R= 1 :
Ypeak
Ynoise

general,displayspeci�cations

2. log-10units(ordersof magnitude) M = log10
Ypeak
Ynoise

general

3. Exposurelatitude(f-stops) EL = log2
Ypeak
Ynoise

photography

4. Signalto noiseratio SNR= 20� log10
Nmax

RMSnoise
[db] cameraspeci�cations

5. Densityrange DR= Dmax� Dmin � M photography, �lm scanners

Table1.Measuresof dynamicrangeusedin differentdisciplines.Ypeak is therepresentativepeak(maximum)luminancevalueandYnoise
is thelevel of noise.

3.2.Dynamic Range

Evenmoreconfusingquantityusedin digital imagingis thedynamicrange.Thedynamicrangeis usuallyunderstoodas
a ratio of thehighestandthe lowestluminancein an image. However, in mostimagingsystemsthe lowestluminanceis
limited by thenoiseof thatsystem,suchas�are in cameralens,ambientlight re�ectedfrom adisplay, or noisein adigital
photograph.Therefore,thedynamicrangeis in practicede�ned asa ratio of therepresentative peaksignalto thelevel of
noisein animage.For example,if we assumethata computermonitoris almostperfectlyblackwhenthepixelsaresetto
zero,which meansthat luminanceof thescreensurfaceis very closeto 0 cd=m2, thedynamicrangeof sucha theoretical
monitor is in�niti vely high (sincethe peakluminanceis divided by a very small number). However, in real-world the
minimumluminanceof a goodquality LCD monitor in a normallylit roomis about1 cd=m2. If themaximumluminance
of aLCD computerdisplayis about300cd=m2, its dynamicrangeis in fact1:300.

Cameramanufacturesusuallyreportthedynamicrangeusingthesignal-to-noiseratio of animagesensor. Suchratio
is measuredin decibelsusingformula4 in Table1, whereNmax is themaximumcapacityof a well (given in thenumber
of electrons)andRMSnoise is therootmeansquareof noise.Suchmeasureis usuallyonly a theoreticalmaximumdynamic
rangeof acamera,which in practiceis limited by othercamera's elements,suchaslens,anA/D converter, andprocessing
performedbeforeanimageis stored.

A differentmeasureof dynamicrangeis usedin the photography. The amountof light that passesthroughlensand
reachesa camera's �lm or digital sensoris expressedasthef-number andwritten as f =#, where# is theratio of thefocal
lengthandthediameterof theentrancepupil. Thesequenceof suchf-numbersthatresultsin halvingtheamountof light
(luminance)reachingthesensoris a sequenceof f-stops. Thef-stopsform a geometricseriesof powersof

p
2: f/0.7, f/1,

f/1.4, f/2, f/2.8, f/4, f/5.6, f/8, andsoon. Therefore,photographerssaythatascenehaseightf-stopsinsteadof sayingthata
scenehasa dynamicrangeor contrastratio 1:256.Thenumberof f-stopsis calledexposure latitude andthereforea high
dynamicrangeimageis betterknown in photography asan imageof largeexposurelatitude(refer to item 3 in Table1).
Thebest�lm stocksoffer about12 f-stopsof exposurelatitude,which correspondsto about3.5 log-10units. This is still
lower dynamicrangethantheonethatcanbecapturedwith HDR camerasor multi-exposuretechniques,but it shows that
high dynamicrangeimagesarenot sonew to thephotography.6 Yet anothermeasureof dynamicrangethatcanbefound
in photography is basedon the systemof print zonesintroducedby Ansel Adams.7 Print zonescorrespondroughly to
f-stopunits(they doubleor halvetheamountof capturedlight), but they areadditionallyassociatedwith theshadesof gray
in theresultingprint.

Thedynamicrangemeasuredfor analog�lms is usuallyexpressedasadensityrange. Thismeasureis adifferencebe-
tweenthemaximum(D-Max) andtheminimum(D-Min) tonalvaluesthata �lm canregister(seeitem5 in Table1). Since
D-Min andD-Max valuesaremeasuredonabase-10log scale,thedensityrangeis equivalentto “ordersof magnitude”or
log-10units(seeitem 2 in Table1). Thedensityrangeof a goodquality �lm is about3.4D(notethe“D” letter indicating
densitymeasure).

All measuresof dynamicrangediscussedin this sectionandsummarizedin Table1. Thelast remainingaspectis the
dynamicrangethatcanbeperceivedby thehumaneye. Thelight scatteringon theoptic of theeye caneffectively reduce
the maximumluminancecontrastthat canbe projectedonto to retinato 2–3 log-10 units. However, sincethe eye is in
facthighly active sensor, which canrapidly changethegazeandlocally adapt,peoplearebelievedto beableto perceive
simultaneouslythescenesof 4 or evenmorelog-10units [4, Section6.2]. Theprecisevalueof themaximumperceived
dynamicrangeis dif�cult to measure,asit dependsonasceneandthecriteriausedto assessthevisualperformance.



4. HIGH DYNAMIC RANGE IMA GING

Themainbene�t of high dynamicrangeimagesis not only high accuracy thatmatchesor exceedstheprocessingof the
humaneye. Equally importantis the conceptof a scene-referredrepresentationof data,which, unlike commonlyused
output-referredrepresentations,containsenoughinformationto achieve thedesiredappearanceof thesceneonavarietyof
outputdevices.Thescenedoesnotneedto beanexactphotographthatmatchesthereal-world with photometricaccuracy.
It couldbeaswell computergraphicsrendering(realisticor stylized),or a resultof imageeditingandcomposting.Taking
a scene-referredimageas input, a display device shouldrenderit optimally for its capabilities(maximumbrightness,
dynamicrange,colorgamut)andviewing conditions(ambientillumination,displaysize).

High dynamicrangeimagingpromisestruly device independentrepresentationof visual content.The needfor such
a device independentformathasbecomeevenmoreimportantrecently, asexchangeof digital images,eitherby Internet
or by mobile phones,hasbecomeubiquitous.Also, the outputmediumis no longerlimited to a paperprint anda CRT
display, but includesLCD, Plasma,LED-backlight,e-paperandOLED displays. The color gamut,dynamicrangeand
maximumbrightnesscansigni�cantly differ betweenhigh-end(e.g.LCD TV) andlow-end(e.g.mobilephones)displays.
Preservingappearanceacrossthe variety of displaysis almostimpossiblein suchsituation. But still, all thesedisplays
canshow anacceptableimagethatwould preserve themostimportantimagefeatures,if thereareprovidedwith suf�cient
informationon an the imagecontent,encoded,for instance,in an HDR image. Moreover, the technologicallimitations,
which weremajormotivationfor output-referredformats(e.g. gammacorrectionmatchingthecharacteristicof mostTV
sets),no longerexist andpotentialbit savingscomingfrom imagespro�led for displaysaremuchlessimportant.Display
devicesareno longerintendedto displaythe contentasit is, but they alsoapply complex imageprocessingto enhance
theresultingimage.However, to fully utilize capabilitiesof thedisplayandits displayalgorithms,theinput contentmust
be device-independentandof possiblehigh quality, exeedingthe standardsof traditional imaging. High dynamicrange
imagerepresentationmeetsboth of theserequirementsand thereforeoffers a good alternative to the traditional image
representation.

5. SOFTWARE FOR PROCESSINGHDR CONTENT

Althoughthereis a plentitudeof softwarethatcanprocesstraditionalimagesandvideo,very few programssupporthigh
dynamicrangecontent.Evenif imagingsoftwareoffershigherbit-depthprecision,usuallyup to 16bitspercolorchannel,
it still relieson theassumptionthatthebrightestpossiblecolor is white andthedynamicrangeof a sceneis limited. HDR
imagesandvideoaremostnaturallyrepresentedas�oating pointnumbers,andthey oftencontainbrighthighlightsor light
sourcesthatexceedtheluminanceof whitediffusesurfacesandthusthelargestcodevalueusedin traditionalimaging.

One of the �rst software fully supportingHDR contentwas Radianceray-tracingpackage. Sincethe ray-tracing
methods,which simulatethedistribution of light, areslow to computeandcangive accuratevaluesof spectralradiance,
it would bewasteto storeonly partial informationin a traditionallow-dynamicrangeimage. To accuratelypreserve the
resultof many hoursof computations,oneof the�rst HDR formatswasdeveloped,known asRadianceRGBEformat8 and
recognizedby theextension.hdr or .pic. This format,aswell asotherHDR formatssuchaslogLuv TIFF, hadbeenused
almostexclusively for storingresultsof computergraphicsrenderingalgorithms,until HDR photography waspopularized
by multi-exposuremethods. In 2003 IndustrialLight andMagic releasedandstartedsupportingOpenEXRlibrary for
storing imagesin an HDR format,9 recognizedby the extension.exr. The library is intendedto establishan industry
standardand a uni�ed format for storing HDR content. The library offers many advancedfeatures,suchas arbitrary
numberof channels(for storing depth,motion �o w or object IDs), usertags,an ef�cient 16-bit �oating point format
andlosslesswaveletcompression.Only recently, majorsoftwarevendorshave releasedor announcedthereleaseof their
productssupportingHDR content,includingthemostpopularRadianceRGBEandOpenEXRformats.

Drivenby thescarcityof HDR-enabledsoftware,wehavecreatedthepfstoolspackage� , whichis acollectionof several
commandline tools for reading,writing, processingandviewing HDR imagesandvideo. Thesoftwarewasintendedto
supportour currentresearchprojects,but we foundit reliableandusefulenoughto releaseit asopensourceprojectunder
theGPL license.Sincetherelease,we have foundthatpfstoolshave beenusedfor high de�nition HDR videoencoding,
medicalimagingapplications,varietyof tonemappingprojects,texturemanipulationsandquality evaluationof computer
graphicsrendering.

� Homepageof pfstoolscanbefoundathttp://pfstools.sourceforge.net/ .



To assuremaximum�e xibility , we have designedpfstoolsbasedon the successfulsolutionsfound in several other
imageprocessingsoftware packages.All programsthat are part of pfstoolsexchangeHDR imagesor framesusing a
genericandsimpleimageformat, which requiresonly a few lines of codeto reador write. The format is basedon the
following assumptions:

� Pixel valuesarestoredwith high precisionas32-bit �oating point numbers.Suchprecisionexceedscapabilitiesof
thehumanvisualsystem5 andis suf�cient for mostapplications.32-bit �oating point format is natively supported
onmostof platforms;

� Imagescancontainan arbitrarynumberof channels(layers),which canrepresentnot only color, but alsodepth,
alpha,andtextureattributes;

� Userdataentriescanstoreadditional,applicationspeci�c information,suchascolorimetriccoordinatesof thewhite
pointor calibrationinformation.Thesearestoredusingusertags, whicharenameandvaluepairs;

� Thereis no compressionas the �les in this format are intendedto be transferredinternally betweenapplications
withoutwriting themto adisk.

� A sequenceof imagesis interpretedby all “pfs-compliant”applicationsasanimationframes,so that videocanbe
processedin thesamewayasimages.

A few channelsin thepfsformathave a prede�nedfunction. For example,channelswith theIDs X, Y andZ areused
to storecolor datain theCIE XYZ (absolute)color space.This is differentto mostimagingframeworks thatoperateon
RGBchannels.Theadvantageof theCIE XYZ colorspaceis thatit is preciselyde�ned in termsof spectralradiancewhile
any RGB color spacemustspecifyat leastits primaries(usuallygivenasXYZ coordinates)to allow conversionbetween
color spaces.Additionally, whentheprimariesarebadlychosen,theRGB color coordinatescanbenegative, which can
not be handledproperlyby a numberof imageprocessingalgorithms. The format is describedin detail in a separate
speci�cation†.

pfstoolsarea setof commandline toolswith almostno graphicaluserinterface.This greatlyfacilitatesscriptingand
lessenstheamountof work neededto programandmaintaina userinterface.Theexceptionis a viewer of HDR images.
Themaincomponentsof pfstoolsare:programsfor readingandwriting imagesin all majorHDR andLDR formats(e.g.
OpenEXR,Radiance'sRGBE,logLuv TIFF, 16-bitTIFF, PFM,JPEG,PNG,etc.),programsfor basicimagemanipulation
(rotation,scaling,cropping,etc.),an HDR imageviewer, andlibrariesthat simplify �le format readingandwriting for
C++, Java, matlabandGNU Octave (high level mathematicallanguagesimilar to matlab).Thepfstoolsframework does
not imposeany restrictionson the programminglanguage.All programsthat exchangedatawith pfstoolsmustreador
write the �le format, but thereis no needto useany particularlibrary. Additional functionality is provided by separate
packages,whicharedescribedin thenext sections.

Thetypical usageof pfstoolsinvolvesexecutingseveralprogramsjoinedby UNIX pipes.The�rst programtransmits
thecurrentframeor imageto thenext onein thechain. The�nal programshouldeitherdisplayan imageor write it to a
disk. Someexamplesof commandlinesaregivenbelow:

pfsin input.exr | pfsfilter | pfsout output.exr

Readtheimageinput.exr , applythe�lter pfsfilter andwrite theoutputto output.exr .

pfsin input.exr | pfsfilter | pfsview

Readtheimageinput.exr , applythe�lter pfsfilter andshow theresultin anHDR imageviewer.

pfsin in%04d.exr --frames 100:2:200 \
 | pfsfilter | pfsout out%04d.hdr

Readthe sequenceof OpenEXRframesin0100.exr , in0102.exr , .., in0200.exr , apply the �lter pfsfilter
andwrite theresultin Radiance's RGBEformatto out0000.hdr , out0001.hdr , . . .

†Speci�cationof thepfs formatcanbefoundat: http://www.mpi- sb.mpg.de/resources/pfstools/pfs_format_spec.pdf



6. ACQUISITION

In this sectionwe focuson an entry point to the HDR pipelinewhich is acquisitionof HDR images.The goal of HDR
acquisitionmethodsis to achieve scenereferredHDR representationratherthangenerallyuseddisplay(output)referred
representation(with thedynamicrangelimited to thecapabilitiesof low dynamicrangemonitors).

Imagesof anextendeddynamicrangecanbecapturedusingstandarddevices,suchasprofessionaldigital camerasthat
canstoreimagesin theRAW formats.Thedynamicrangeof theRAW formatsis not limited dueto imageprocessingin
a camera(like sharpeningwhich reducesthedynamicrangeaboutanexposurestop)somoreaccurateinformationabout
sceneluminancecanbeachieved(referto Section3.2 for detailson f-stopsde�nition). Anotherexampleareprofessional
�lm scannersusedin cinematography, whichcandigitalize�lm density(logarithmiccharacteristic)with 12-bit precision.

The devices that can capturehigh dynamicrangedataare usedin various�elds like ultrasonography, radiometry,
seismology, etc. In typical imagingpipelinesthedynamicrangeis compressedto displayreferredrepresentation.It causes
signi�cant limitationsin imageanalysis,processinganddisplayingof data.In thefuture,theabovementioneddeviceswill
tendto extendtheir dynamicrangeto increasetheir accuracy.

Therearealreadydeviceson themarket thatarenatively designedto captureHDR. TheHDR cameras,whosesurvey
canbefoundin [4, Section4.9], exploit two majormethodsto extendthedynamicrangeof a sensorandretaindetailsin
darkandbright regionsof a scene.The�rst methodemploys thelogarithmicresponseof a CMOSsensorto computethe
logarithmof a irradiancein theanalogdomain.10 Thesecondmethodinvolvesmeasuringthetimethatasensorpixel takes
to attainfull capacity,11 which is proportionalto spectralradiance.This way a sensornever saturatesandhigherdynamic
rangecanbecaptured.

HDR imagesandvideocanbealsogeneratedusingcomputergraphicstechniques.Both real time (GPUbased)and
off-line renderingarchitecturessupport�oating point color representation.

A numberof high dynamicrangeaquisitiontechniquesinvolvescapturingmultiple imagesof the samesceneusing
differentexposuresandthenmergingtheseimagesinto anHDR image.Beamsplitterscanbeusedto exposeafew sensors
of a differentsensitivity simultaneously. The patternsthat changethe exposureof individual pixels of a sensorenable
to extenddynamicrangeby decreasingimageresolution.12 Similar solutionwasproposedin13,14 wheretheexposureof
individual sensorpixel canadaptto sceneradianceby usinganopticalattenuator. The transmittanceof theattenuatoris
computedbasedon thebrightnessmeasuredby thepixel. Thesemethods,however, requirespecializedhardware. In the
following section,wediscussthetechniquefor capturingHDR imagesusingtypical low dynamicrangecameras.

6.1. Imageacquisition fr om multiple exposures

High dynamicrangeimagescan be capturedusing a sequenceof photographsof the samescenetaken with different
exposureusingso calledmulti-exposuretechnique.This techniqueallows to increasethe dynamicrangeandto reduce
the noisein an image. The valuesof luminancerecoveredusingmulti-exposuretechniquesarenot meantto be exact
measurements,sincethey canbeseverily distortedby cameraoptics.15 Theaccuracy of reconstructedluminancevalues
dependsonascene,with betteraccuracy for thescenescontainingfewernumberof brightpixels.

The goal of the methodis to vary the exposurein orderto control the light levels to be captured.By increasingthe
exposuretime, low-light detailswill berepresentedwell, at thecostof losinginformationin highly illuminatedareas.On
theotherhand,decreasingexposuretime will show thedetailsin areasof high illumination (seeFigure3). Thesequence
of photographsis thenmergedto createanHDR imagecontainingthevaluesapproximatellyproportionalto theluminance
of a real scene.Suchluminancefactors(refer to Section3.1) needto be multiplied by a constantvalue,which depends
on a cameraandlens,to getactuallevel of luminance.Suchconstantnumbercanbeeasilyfound if we canmeasurethe
luminanceof a photographedsurface.16 Underthe assumptionthat the camerais perfectly linear, eachphotographcan
be broughtinto the samedomainby dividing eachpixel by the exposurevalueandthenmergedby weightedaddition.
Unfortunately, typical camerasarenot linear in the mostcasesanda camera's responsefunctionshouldbe measuredin
orderto linearizethedata.

A camera responsefunctionde�nes therelationbetweenpixelsvaluesandtheintensityof light thatreachescamera's
CCD sensor. Thereareseveral methodsof estimatingcameraresponsefunction.17–22 Figure2(left) shows an example
responsefunctionof severaldigital cameras.Theprocedureof takingtheinputphotographsusedfor capturingthecharac-
teristicsis presentedin [4, Section4.6].



Figure 3. Four LDR imagesselectedfrom a sequenceof photographsusedto build anHDR image.TheresultingHDR image(right)
wascreatedby thepfshdrcalibrateand,to displayin LDR media,tonemappedusingcontrastdomainoperator.23

The pfshdrcalibrate programin pfscalibration packagecanmerge a sequenceof standardphotographsto createan
HDR image.Thepfscalibration packageis integratedwith pfstoolsandis availablewith thesourcecodeundertheGPL
license‡. Themerging algorithmis basedon thetechniqueproposedin.19 Thepfshdrcalibratereadsinput picturesstored
in variousformats(e.g. JPEG,TIFF or RAW). Theexposureparametersof input imagesareeitherextractedfrom the�le
headeror canbeenteredmanually. Theresultof combiningthephotographsinto anHDR imageareshown in Figure3.
Thepfshdrcalibrateprogramcanbealsousedto estimateacameraresponsefunction(see16 for details).

7. IMA GE RENDERING – TONE MAPPING

tonemappingalgorithm type video real-time key features

1. AdaptiveLogarithmicMapping24 global no� yes brightnessmapping

2. Time-DependentVisualAdaptation25 global yes yes psychophysicalmodelof visualadaptation

3. Photoreceptor26 global no� yes photoreceptormodelwith chromaticadaptation(vonKries)

4. PhotographicToneReproduction6 local no� yes �lm response,zonesystem,detailenhancement

5. BilateralFiltering for HDR27 local no no contrastreductionin illumination layerwhile detailspreserved

6. LocaladaptationTM28 local no no modelingHVS responseto luminance(basedon t.v.i. function)

7. GradientDomainCompression29 local no no localattenuationof largescalegradients

8. LightnessPerception30 local no no computationalmodelof lightnessperception

9. ContrastMappingandEqualization23 local no no processingof imagecontrast

10. HistogramEqualization31 global no no histogramequalizationwith perceptualconstraints

Table2. Tonemappingoperatorsimplementedin pfstmopackageandtheir characteristics.Referto Section7 for details.

Standard8-bit imagescanbe displayedliterally becauseof their displayreferredrepresentation.The HDR images,
however, containa scenereferredrepresentationandneedto beprocessedprior to display. In particular, mostof current
displayshave insuf�cient capabilitiesto displaytheexactluminancevaluesstoredin anHDR imagebecausethedynamic
rangeof thesedevices is limited. In this sectionwe areconcernedwith the depictionof HDR imageson deviceswith
variouscapabilitiesandgivenvariousapplicationrequirements– tonemapping.

By de�nition, tonemappingalgorithmis a function that transformsluminanceto a displayablerangeof lumavalues.
In thecasewhentonemappingtakesinto accountcolor information,thecolor channelslinearly relatedto luminanceare
transformedto red,greenandbluechannelsof pixel intensityvalues.

Generally, thetonemappingalgorithmsarederivedfrom eitherbrightnessmappingfunctions(similar to responseof an
analog�lm), 6,24 thresholdvisibility functions,23,28,31 physiologicalbehavior of humaneye,25 contrasttheoriesor lightness

‡The homepageof pfscalibration packagecanbe found at: http://www.mpii.mpg.de/resources/hdr/calibration/pfs.
html



Figure4.Variousmappingcurvesof globaltonemappingoperatorsadjustedfor asampleHDR image.Thehistogramin thebackground
illustratestheluminanceof thesampleHDR image.

perceptiontheories.30 Thedevelopmentof eachof thesemethodswasdrivenby requirementsof a particularapplication
andso far a universaltonemappingalgorithmis not available. Tonemappingcanbepro�led to achieve differentgoals:
anautomaticmethodproducingnice looking images,anemphasison detailsenhancementfor scienti�c visualizations,a
perceptualmatchbetweenarealworld sceneandadisplayedimage,depictionof stylizedimpressionof ascene.32 Despite
the vast diversity of naturaland syntheticHDR imagesand the possibleluminancevaluesinaccuracy found in HDR
photographs,a robust algorithmis expectedto provide consistentresultswhile avoiding undesirableartifactsincluding
perceivablecontrastreversalsandhalosalonghighcontrastedges.Thealgorithmis in mostcasesexpectedto beautomatic
with few intuitive parametersthat provide possibility for �ne tuning. It shouldaddressdifferentcapabilitiesof display
devicesandpotentialdifferencesin observation conditions.Additionally, the tonemappingof video sequencesmustbe
coherentover time. Apparentlynotmany algorithmsaretimecoherent,howevermostmethodscanachievetimecoherence
by incorporatingamodelof visualadaptation.25

Tonemappingcanin principleproducea very gooddepictionof anHDR imageeventhoughthedisplayis incapable
to reproduceappropriaterangeof luminance,becausethehumanvisualsystemis generallynot ableto estimateabsolute
luminanceandis sensitive to spatialpatternsin theluminancedifferencesinstead.33 A thoughtfulmanipulationof relative
luminanceto createdesiredglobalandlocal contrastscancompensatefor limited dynamicrange,differencein adaptation
level of observersandits in�uence on perceivablecontrast,ambientillumination, andparticulardisplaycharacteristics:
LCD, CRT, projector, plasma,HDR.2

Certainvisualphenomenaarehowever relatedto absolutelevelsof luminanceandwhentheluminanceis treatedin a
relative way (seethediscussionof luminancefactor in Section3.1) theseeffectsmaydisappear. Humansareparticularly
awareof lossof color visibility andvisual acuity for low luminancelevels,andthe glareeffect for stronglight sources.
This phenomenaarewell measuredin psychophysicsandappropriatemodelsareavailable,thereforesometonemapping
operatorssimulatesucheffectsafterperformingthetonemapping31,34 to obtaina betterperceptualmatchto theoriginal
scene.Sucheffectscanbealsoappliedin realtime.35

A selectionof thestate-of-the-arttonemappingoperatorshavebeenimplementedwithin pfstoolsasthepfstmopackage.
They aresummarizedin Table2. In Figure4 we show for comparisonseveral tonemappingcurvesadjustedto a sample
HDR image.Clearly, linearscalingof luminancecannotmaptheinputdynamicrangeto displayablevaluesandthedetails
in highandlow luminancerangesarelost. Thefull rangeof input luminancevaluescanbesuccessfullymappedusingthe
adaptive logarithmicmapping.24 Equallygoodperformancecanbeachievedwith thephotoreceptormodel,26 thoughthe
imagewill beconsiderablebrighterasthemappingcurve mapslow luminancevaluesto higherdisplayvalues.Thecurve
of thehistogramadjustmentmethod31 not only coversthewhole input rangebut also�ne tunesits shapeto assignwider
displayablerangeto highly populatedluminancerangesthat leadsto a well optimized�nal result. Furtherimprovements
canbeachievedwith local algorithmswhichcanemphasizepixel visibility by consideringtheneighboringpixels.6,23,28,30

Thescenereferredrepresentationof imageandvideodatahasanobviousadvantagegiventhat thedepictionof HDR
contentcanbe highly customizedjust beforethe display. The visual quality of displayedcontentcanbe seriouslyde-
gradedwhenalreadytonemappedimagesandvideoarestoredandtransmittedwithoutany prior knowledgeof theiractual



Visual Differemnce Predictor

Figure 5. High DynamicRangeVisual DifferencePredictor(HDR-VDP) takesasan input two imagesandproducesasa result the
probability of detectionmap. Sucha map tells how likely a humanobserver will notice a differencebetweenthesetwo imagesin
particularpartof ascene.

displayconditionsor targetapplication.Furthermore,perceptualeffectswhich areusuallynot evokeddueto thechange
in absoluteluminancecanbeaddedaspostprocessing.Unfortunately, tonemappingalgorithmsaregenerallydif�cult to
evaluate.Suchevaluationis possibleonly by conductingtedioussubjectivecomparisonexperimentsandtheresultsof such
experimentsareofteninconclusive.36,37

pfstmopackageis integratedwith pfstoolsandis availablewith thesourcecodeundertheGPLlicense§.Thedatastream
sendto a tonemappingalgorithmis scenereferredin theHDR pipeline,but theoutputstreamis alreadydisplayreferred.
In practicethismeansthattonemappingis theendpointof anHDR pipeline.

8. FIDELITY AND QUALITY ASSESSMENT

Visual differencemetricscanpredictwhetherdifferencesbetweentwo imagesarevisible to the humanobserver or not.
Suchmetricsareusedfor testingeithervisibility of information (whetherwe canseeimportantvisual information)or
visibility of noise(to make surewe do not seeany distortionsin images,e.g. dueto inaccurateCG renderingor lossy
compression).

Figure5 illustrateshow two input images,a referenceimage(left) anda distortedimage(middle),areprocessedwith
thevisualdifferencepredictorto producea probabilityof detectionmap(right). Suchprobabilityof detectionmaptells
how likely we will noticea differencebetweentwo imagesfor eachpartof a scene.Redcolor denoteshigh probability,
green- low probability. Redcolor is mostlypresentin theareaswherethereis a snow coveredpath. Becauseof smooth
textureof thesnow, thereis notmuchvisualmaskinganddistortionsareeasilyvisible.

High DynamicRangeVisible DifferencePredictor(HDR-VDP)38 is theimplementationof a differencepredictorthat
canwork within the completerangeof luminancethe humaneye cansee. An input to our metric is an HDR image,or
anordinary8-bits-per-color image,convertedto theactualluminancevalues.The imagesmustbeproperlycalibratedin
absoluteluminanceunitsin orderto guaranteereliableprediction.This is becausethemetrictakesinto accounttheaspects
of high contrastvision, like scatteringof the light in the optics(OTF), nonlinearresponseto light for the full rangeof
luminance,andlocal adaptation.Thesehave varied in�uence on the detectionthresholddependingon the illumination
level of the scene.For example,small detailsarenot be noticeableundervery dim light (scotopicvision) but arewell
visiblewhenthey arelit by sunlight(photopicvision).

HDR-VDP is availablefor theresearchcommunitywith thesourcecodeundertheGPL license¶. It is integratedwith
pfstools, sothatit cantakeasaninputany pairof imagesthatcanbereadby thispackage.

9. CONCLUSIONS

The advancesin displayandsensortechnologyhave revealedthe limitation of the existing low-dynamicrangeimaging
pipelines.Thoselimitationscanbeaddressedandeliminatedin theHDR imagingpipelinesthatoffer higherprecisionof
thevisualdata.In thiswork weoutlinethefundamentalquantitiesassociatedwith HDR images.Weintroduceaconceptof
anuniversalimagingframework in which imagesarerepresentedin agenericformatthatful�lls therequirementof variety

§Thehomepageof pfstmopackagecanbefoundat: http://www.mpii.mpg.de/resources/tmo/
¶HDR-VDPhomepagecanbefoundat: http://hdrvdp.sourceforge.net/



of applications.Suchrequirementsincludephotometricaccuracy of dataand�e xibility achievedby anarbitrarynumber
of layersanduserdataentries.Finally, we describethesoftwarepackagesfor acquisition,tonemappingandcomparing
HDR imagesthatwehavemadeavailablefor researchcommunity. Webelieve thatthesoftwarecanbeavaluablehelpfor
all thosewhoareinvolvedin HDR imaging.
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