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ABSTRACT

Theadwancedn high dynamicrange(HDR) imaging,especiallyin the displayandcameraechnologyhave a signi cant

impacton the existing imaging systems. The assumption®f the traditional low-dynamicrangeimaging, designedor

papermprint asa majoroutputmedium,areill suitedfor therangeof visualmaterialthatis shovn on moderndisplays.For

example,the commonassumptiorthat the brightestcolor in animageis white canbe hardly justi ed for high contrast
LCD displays,not to mentionnext generatiorHDR displays,that caneasily createbright highlightsandthe impression
of self-luminouscolors. We arguethathigh dynamicrangerepresentatiosanencodémagesegardlesf thetechnology
usedto createand display them, with the accurag that is only constrainedby the limitations of the humaneye and
not a particularoutput medium. To facilitate the researcton high dynamicrangeimaging, we have createda software
packag€http://pfstools.sourcefge.net/)capableof handlingHDR dataon all stagef imageandvideoprocessingThe
software packageis available as opensourceunderthe GeneralPublic Licenseand includessolutionsfor high quality

imageacquisitionfrom multiple exposuresarangeof tonemappingalgorithmsanda visual differencepredictorfor HDR

images.Examplesof shellscriptsdemonstratéow the softwarecanbe usedfor processingingleimagesaswell asvideo
sequences.
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1. INTRODUCTION

A commonimageformats,suchas JPEGor GIF, althoughenourmoslypopular arevery limited in termsof preserving
dynamicrangeand color gamutof real-world scenes.To addresghis problem,several customimageformats,tailored
to the requirement®f a particluarapplicationand discipline, have beendeveloped. Theseinclude high dynamicrange
(HDR) formatsusedin computergraphics(RGBE,OpenEXR)rameraRAW formatsusedin photograpl; the DICOM
imageformat usedin medicalimaging; or the DPX format usedin cinematograpy Theseformats,althoughsuperior
to standardmagesin termsof delity,, cannotgain a wide-spreadchcceptancdecausef lack of standardand ef cient
compressioralgorithms. But, beforesuchstandardsanbe establishecandnev compressioralgorithmsare developed,
thereis a needfor a high-level view onthegeneraimagingpipeline,its goalsandlimitations.

High dynamicrangeimaging(HDRI) is anew disciplinethatinvolvesa highly accurateepresentationf images As it
originatesfrom light simulation(computergraphicsrenderinglandmeasurementghe pixelsof HDR imagesareassigned
aphysicalmeaningwhile mostimagingdisciplinesaremorerelaxed aboutwhatinformationa pixel contains.This highly
accuraterepresentatiomf imagesgivesan unigueopportunityto createa commonimaging framework, that could meet
therequirement®f differentimagingdisciplines.HDRI could alsofostera uni ed terminologyandbetterunderstanding
of imagingfrom the perspectie of boththe physicsof light andvisualperception.

In this paperwe presenta holistic approacho theimagingpipeline (Section2) anddisentanglesomeimagingtermi-
nology (Section3). The conceptof high dynamicrangeimagesandits adwvantagesarediscussedn Section4. We then
describea software packagethat operateson HDR images(Section5). The software hasbeendevelopedfor reserach
purposeandmadeavailableasanopensourceproject. Theapplicationof this softwareis shovn onthe examplesof HDR
imageacquisition(Section6), tonemapping(Section7), and delity/quality assessmeriEection8).
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Figure 1. Exampleof animagingpipeline— from acquisitionto display Differentstagef processingnvolve differentrepresentation
of animage.

2. IMA GING PIPELINE

Figurel illustratesan exampleof animaging pipeline that startswith acquisitionof a realworld sceneor renderingof
anabstracimodelusingcomputergraphicstechniquesandendsat a display Eachstageof atypical pipelineoperatesn
images,which in theoryshouldbe 2D arraysof light measurementdut in practicethey aredesignedo evoke the most
realisticimpressiorof brightnesshueandcolorfulnessof the original scenewith therigid assumptiorof adisplaydevice.
The processingssociatedvith eachstageusuallyaimsat deliveringthe bestlooking images which areprobablysharper
andmorecolorful thantherealscenesTherepresentationf animageat eachstageof theimagingpipelineoftendepends
onthetechnologyused for instancepnthe“gammacorrection”of acameraor adisplay(moreonthisin thenext section),
on differentcolor characteristicef a device andthe algorithmsthathave beenusedto “beautify” animage.As theresult,
eachstageof sucha pipelineoperateson very vaguelyde ned data,whichis dif cult to standardizgfor example,mary
yearsof effort have beenneededo standardizehe ICC pro les).

Theonly reasorwhy the actualimagingpipelinesdo anacceptablgob is becaus¢he humaneye hasa hugetolerance
for allimperfectionghatarepresentn images.Printsorimagedisplayedon monitorsarealmostnever comparedvith real
scenesbut ratherwith the their memorizedappearancayhich is imprecise! Also, the differencein viewing conditions
(ilumination, eld of view, etc.) betweenthe reality andthe reproductiondoesnot allow to deliver preciselythe same
visual stimuli. Therefore the goal of mostimagingpipelinesis to reproducehe appearancef a sceneput not necessary
to deliver the samephysical stimuli to our eyes.

Thereasonwhy the existing imagingpipelinesstartto revealtheir shortcomingss atechnicalprogressn bothdigital
camerasanddisplays. Thereare camerason the market that can capturea sceneof over 120dB (e.g. HDRC, OMRON
Stutteart), comparedo about55dB in the caseof traditional cameras.The are alsoHDR displaysthat can outputthe
contrastof 1 : 500002 comparedo 1 : 2 000 for the latestLCD displays. However, animagetaken 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.The stagef animagingpipelinebecomencompatibleif the devicesof higher
dynamicrangeor color gamutareused. Therefore theimagingpipelinesmustbe thoroughlyredesignedn orderto take
adwantageof thesenew technologiesin thenext sectionsve explain severalquantitiesassociategvith HDR representation
of imagesandthenwe outlinethe conceptof HDR imaging,which addressethe shortcoming®f existing solutions.

3. TERMINOLOGY

In this sectionwe explain several physical and perceptualguantitiesimportantfor digital imaging. We do not give a
completeor exhaustve introductionto radiometry photometryor colorimetry sincetheseare describedn full extend
elsavhere®* but we ratherfocuson the conceptshatarefundamentato HDR imaging.

3.1.Light

As ary complex phenomendijght canbe describedoy multitudeof quantities.The mostaccuratejn physicalsensejs a
radiometricmeasuref spectralradiance. Spectraradiancas ameasuref photon ux of particularwavelengthtraveling
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Figure 2. Left: Transferfunctionsof severaldigital camerasTheresponsesf red,greenandblue color componentsreaveragedand
represente@sa singleline. The curnveswere measuredising pfscalibmation software describedn Section6. Right: Luminanceto
lumamappingserived from thecharacteristiof the HVS® (blue)comparedvith the non-linearityof the sSRGBcolor space(pink). The
power functionusedin SRGBcannot be usedfor thefull visible rangeof luminance.

throughanin niti vely small areain particulardirection (solid angle)at a unit of time. Spectralradianceis commonly
usedin light transfersimulations suchascomputergraphicsrenderingalgorithmsthat solve globalillumination problem.
Sincespectraradianceneeddso be speci edfor a continuumof wavelengthsijt would bea cumbersomeneasuren mary
applications.Therefore photometryde nes a measureof luminance, which integratesspectralradianceover all visible
wavelengthausingtheluminousef ciency functionV. ThefunctionV approximatesensitvity of thehumarnvisualsystem
to spectrawavelengths Theimportantpropertyof bothmeasuress thatthey stayconstantegardlessof thedistancerom
alight sourceto a sensor(assumingno in uence of the medium,in which thelight travels). The sensorcanbe cameras
CCD chip or a photoreceptoin the eye. Most HDR imagesdo not containactualvaluesof luminance,but the values
of luminance factor. Luminancefactoris arelative value of luminancethat differs from actualluminanceby a constant
multiplier.

Although radiometricor photometricunits give probablythe mostaccuratedescriptionof light, the output of most
imaging systemsjncluding photoreceptorsis neitherluminancenor spectralradiance.Figure 2 illustratesthe response
functionsthatdescribeherelationbetweerinputluminanceandoutputvaluesfor severaldigital camerasTheresponsef
mostimagingsystemaisuallyfollowsanS-shapedurve, whichtendsto saturatdoththehighestandthelowestluminance
values.In this papemwe useluma termto namethe sensors outputvalues.Lumais aword coinedby the NTSCto prevent
confusionbetweenthe video signal and the traditional meaningof luminance. Sinceeachsensorhasits own response
characteristicit is impossibleto de ne asingleformulafor luma. Therelationsbetweeduminanceandlumausedin LDR
videocompressionwhich aresometimegalledtransferfunctions,usuallyinvolve a power function similar to thegamma
correction. Thesefunctionshowever, poorly machperformancef the visual systemfor the luminancevalueslargerthan
1000cd=n?. To addresshis problem,morerobustlumaencodingghataresuitablefor thefull rangeof visible luminance
have beermproposed® Theencodinghatde neslumain termsof sensitvity of thehumanvisualsystento light, is shavnin
Figure2-right. Oneadvantageof suchperceptuatepresentatioonf luminancds thatsuchameasuref light is perceptually
linearized which meanghatlumavaluescorrelatewith our perceptiorof brightness.

Anotherimportantaspectfor mostimagingapplicationsis the rangeof luminanceandluma valuesthat animaging
pipeline shouldhandle. A aufcient rangeof luminanceis within 10 5 cd=nm? and 10'° cd=n", which can capturethe
luminanceof bothamoonlessky (3 10 ° cd=r?) andthesurfaceof thesun(2 10° cd=r). Thisrangeof luminancecan
beencodedislumausing4096discretestepssothatthedifferencebetweertwo consecutie stepsis notpercevable® This
shavsthatevenif theabsoluterangeof luminancethe eye canseeis impressve, theactuallimitation of the HVS doesnot
allow usto seemorethanabout4000visually differentshade®f gray, andthosecanbeseeronly if theslow mechanisms
of visualadaptatiorareinvolved.

In this shortovervien we intentionally skippedmostaspectof imageappearancesuchas perceptionof brightness,
hueandcolorfulnessaswell asthe conceptof white pointandchromaticadaptationAn excellentdiscussiorof thesecan
befoundin.?



1. Contrastatio | 1:R=1: i:;:'; generaldisplayspeci cations
2. | log-10units(ordersof magnitude) | M = log,, :::‘:'; general

3. Exposurdatitude(f-stops) | EL = log, ::;:‘; photograpk

4. Signalto noiseratio | SNR= 20 log;q gy [db] cameraspeci cations

5. Densityrange | DR= Dmax Dmin M photograpls, Im scanners

Table 1. Measuresf dynamicrangeusedin differentdisciplines.Ypeais therepresentatie peak(maximum)luminancevalueandYnoise
is thelevel of noise.

3.2.Dynamic Range

Even moreconfusingquantityusedin digital imagingis the dynamicrange. The dynamicrangeis usuallyunderstoods
aratio of the highestandthe lowestluminancein animage. However, in mostimagingsystemghe lowestluminanceis

limited by thenoiseof thatsystemsuchas are in camerdens,ambientlight re ectedfrom adisplay or noisein adigital

photograph.Therefore the dynamicrangeis in practicede ned asaratio of the representate peaksignalto thelevel of

noisein animage.For example,if we assumeahata computemonitoris almostperfectlyblackwhenthe pixelsaresetto

zero,which meanghatluminanceof the screersurfaceis very closeto 0 cd=m?, the dynamicrangeof sucha theoretical
monitor is in niti vely high (sincethe peakluminanceis divided by a very small number). However, in real-world the

minimum luminanceof a goodquality LCD monitorin a normallylit roomis aboutl cd=m?. If the maximumluminance
of aLCD computerdisplayis about300cd=n?, its dynamicrangeis in fact1:300.

Cameramanugcturesusuallyreportthe dynamicrangeusingthe signal-to-noiseratio of animagesensor Suchratio
is measuredn decibelsusingformula4 in Tablel, whereNmax is the maximumcapacityof a well (givenin the number
of electronsaNdRMS,gise i the root meansquareof noise.Suchmeasures usuallyonly atheoreticaimaximumdynamic
rangeof acamerawhichin practiceis limited by othercameras elementssuchaslens,an A/D corverter andprocessing
performedbeforeanimageis stored.

A differentmeasureof dynamicrangeis usedin the photograpk. The amountof light that passeshroughlensand
reaches cameras Im or digital sensoiis expressedisthef-number andwritten as f =#, where# is theratio of thefocal
lengthandthe diameterof the entrancepupil. The sequencef suchf-numbersthatresultsin halvingthe amguntof light
(luminance)eachingthe sensoiis a sequencef f-stops Thef-stopsform a geometricseriesof powversof © 2: /0.7, /1,
f/1.4,/2,1/2.8,1/4, /5.6,1/8, andsoon. Therefore photographersaythata sceneéhaseightf-stopsinsteadof sayingthata
scenehasa dynamicrangeor contrastratio 1:256. The numberof f-stopsis calledexposue latitude andthereforea high
dynamicrangeimageis betterknown in photograpl asanimageof large exposurelatitude (referto item 3 in Table1).
Thebest Im stocksoffer aboutl2 f-stopsof exposurelatitude,which corresponds$o about3.5log-10units. Thisiis still
lower dynamicrangethanthe onethatcanbe capturedvith HDR camera®r multi-exposuretechniquesbut it shawvs that
high dynamicrangeimagesarenot sonew to the photograph.® Yetanothemeasuref dynamicrangethatcanbefound
in photograph is basedon the systemof print zonesintroducedby Ansel Adams! Print zonescorrespondoughly to
f-stopunits(they doubleor halve theamountof capturedight), but they areadditionallyassociateavith theshade®f gray
in theresultingprint.

Thedynamicrangemeasuredor analogIms is usuallyexpresse@sadensity range. This measurés a differencebe-
tweenthe maximum(D-Max) andthe minimum (D-Min) tonalvaluesthata Im canregister(seeitem5in Tablel). Since
D-Min andD-Max valuesaremeasurean a base-100g scale the densityrangeis equivalentto “ordersof magnitude’or
log-10units(seeitem 2 in Tablel). The densityrangeof agoodquality Im is about3.4D (notethe“D” letterindicating
densitymeasure).

All measuresf dynamicrangediscussedn this sectionandsummarizedn Tablel. Thelastremainingaspecis the
dynamicrangethatcanbe perceved by the humaneye. Thelight scatteringon the optic of the eye caneffectively reduce
the maximumluminancecontrastthat can be projectedonto to retinato 2—3log-10 units. However, sincethe eye is in
facthighly active sensorwhich canrapidly changethe gazeandlocally adapt,peoplearebelievedto be ableto perceve
simultaneouslythe scenesf 4 or even morelog-10units[4, Section6.2]. The precisevalueof the maximumperceved
dynamicrangeis dif cult to measureasit depend®n a sceneandthecriteriausedto assesshevisualperformance.



4. HIGH DYNAMIC RANGE IMA GING

The mainbene t of high dynamicrangeimagesis not only high accurag that matchesor exceedsthe processingf the
humaneye. Equally importantis the conceptof a scene-referredepresentatiomf data,which, unlike commonlyused
output-referredepresentationgontainsenoughinformationto achiere thedesiredappearancef thesceneon avariety of
outputdevices. Thescenaloesnot needto be anexactphotograptthatmatchegshereal-world with photometricaccurag.
It couldbeaswell computergraphicsrendering(realisticor stylized),or aresultof imageeditingandcomposting.Taking
a scene-referredmageas input, a display device shouldrenderit optimally for its capabilities(maximumbrightness,
dynamicrange color gamut)andviewing conditions(ambientillumination, displaysize).

High dynamicrangeimaging promisestruly device independentepresentationf visual content. The needfor such
a device independenformat hasbecomeeven moreimportantrecently 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-paperand OLED displays. The color gamut,dynamicrangeand
maximumbrightnesgansigni cantly differ betweerhigh-end(e.g.LCD TV) andlow-end(e.g. mobile phonesdisplays.
Preservingappearancacrossthe variety of displaysis almostimpossiblein suchsituation. But still, all thesedisplays
canshav anacceptablémagethatwould presere the mostimportantimagefeaturesjf thereareprovidedwith sufcient
informationon anthe imagecontent,encodedfor instancejn an HDR image. Moreover, the technologicalimitations,
which weremajor motivation for output-referredormats(e.g. gammacorrectionmatchingthe characteristiof mostTV
sets),nolongerexist andpotentialbit savings comingfrom imagespro led for displaysaremuchlessimportant.Display
devicesareno longerintendedto displaythe contentasit is, but they alsoapply complex imageprocessingo enhance
theresultingimage.However, to fully utilize capabilitiesof the displayandits displayalgorithms the input contentmust
be device-independenand of possiblehigh quality, exeedingthe standardf traditionalimaging. High dynamicrange
imagerepresentatiomeetsboth of theserequirementsand thereforeoffers a good alternatve to the traditionalimage
representation.

5. SOFTWARE FOR PROCESSING HDR CONTENT

Althoughthereis a plentitudeof softwarethatcanprocesdraditionalimagesandvideo, very few programssupporthigh

dynamicrangecontent.Evenif imagingsoftwareoffershigherbit-depthprecisionusuallyup to 16 bits percolor channel,
it still reliesonthe assumptionthatthe brightestpossiblecolor is white andthe dynamicrangeof a scends limited. HDR

imagesandvideoaremostnaturallyrepresenteds oating pointnumbersandthey oftencontainbrighthighlightsor light

sourceghatexceedthe luminanceof white diffusesurfacesandthusthelargestcodevalueusedin traditionalimaging.

One of the rst software fully supportingHDR contentwas Radianceray-tracingpackage. Sincethe ray-tracing
methodswhich simulatethe distribution of light, areslow to computeandcangive accuratevaluesof spectralradiance,
it would be wasteto storeonly partialinformationin a traditionallow-dynamicrangeimage. To accuratelypresere the
resultof mary hoursof computationspneof the rst HDR formatswasdeveloped known asRadianceRGBEformat and
recognizedy the extension.hdr or .pic. This format,aswell asotherHDR formatssuchaslogLuv TIFF, hadbeenused
almostexclusively for storingresultsof computemgraphicsrenderingalgorithms,until HDR photograpk waspopularized
by multi-exposuremethods. In 2003 Industrial Light and Magic releasedand startedsupportingOpenEXRlibrary for
storingimagesin an HDR format? recognizedby the extension.exr. The library is intendedto establishan industry
standardand a uni ed format for storing HDR content. The library offers mary adwancedfeatures,suchas arbitrary
numberof channels(for storing depth, motion ow or objectDs), usertags, an ef cient 16-bit oating point format
andlosslessvaveletcompressionOnly recently major softwarevendorshave releasedr announcedhe releaseof their
productssupportingHDR content,ncludingthe mostpopularRadianceRGBE andOpenEXRformats.

Drivenby thescarcityof HDR-enabledoftware, we have createdhe pfstoolspackage, whichis acollectionof several
commandine tools for reading,writing, processingandviewing HDR imagesandvideo. The softwarewasintendedto
supportour currentresearctprojects but we foundit reliableandusefulenoughto releaset asopensourceprojectunder
the GPL license.Sincethe releasewe have found that pfstoolshave beenusedfor high de nition HDR video encoding,
medicalimagingapplicationsyariety of tonemappingprojects texture manipulationsandquality evaluationof computer
graphicsrendering.

Homepageof pfstoolscanbe foundat http://pfstools.sourceforge.net/



To assuremaximum e xibility, we have designedpfstoolsbasedon the successfukolutionsfound in several other
image processingsoftware packages.All programsthat are part of pfstoolsexchangeHDR imagesor framesusing a
genericand simpleimageformat, which requiresonly a few lines of codeto reador write. The formatis basedon the
following assumptions:

Pixel valuesarestoredwith high precisionas32-bit oating point numbers.Suchprecisionexceedscapabilitiesof
the humanvisual systen? andis sufcient for mostapplications.32-bit oating point formatis natively supported
onmostof platforms;

Imagescan containan arbitrary numberof channelglayers),which canrepresentnot only color, but alsodepth,
alpha,andtextureattributes;

Userdataentriescanstoreadditional,applicationspeci ¢ information,suchascolorimetriccoordinate®f thewhite
pointor calibrationinformation. Thesearestoredusingusertags, which arenameandvaluepairs;

Thereis no compressiorasthe les in this format areintendedto be transferrednternally betweenapplications
withoutwriting themto a disk.

A sequencef imagesis interpretedby all “pfs-compliant” applicationsasanimationframes,so thatvideo canbe
processeih the sameway asimages.

A few channelsn the pfsformathave a prede nedfunction. For example,channelswith theIDs X, Y andZ areused
to storecolor datain the CIE XYZ (absolute)color space.This is differentto mostimagingframeworks that operateon
RGB channelsTheadwantageof the CIE XYZ color spaces thatit is preciselyde ned in termsof spectraradiancewhile
ary RGB color spacemustspecifyat leastits primaries(usuallygivenasXYZ coordinates}o allow corversionbetween
color spaces Additionally, whenthe primariesare badly chosenthe RGB color coordinatesanbe negative, which can
not be handJIredproperIy by a numberof image processingalgorithms. The formatis describedn detail in a separate
speci cation'.

pfstoolsarea setof commandine toolswith almostno graphicaluserinterface. This greatlyfacilitatesscriptingand
lessenghe amountof work neededo programandmaintaina userinterface. The exceptionis a viewer of HDR images.
The maincomponent®f pfstoolsare: programsor readingandwriting imagesin all major HDR andLDR formats(e.g.
OpenEXR Radiances RGBE,logLuv TIFF, 16-bit TIFF, PFM, JPEG PNG,etc.),programdor basicimagemanipulation
(rotation, scaling,cropping,etc.),an HDR imageviewer, andlibrariesthat simplify le formatreadingandwriting for
C++, Java, matlaband GNU Octave (high level mathematicalanguagesimilar to matlab). The pfstoolsframevork does
not imposeary restrictionson the programminglanguage.All programsthat exchangedatawith pfstoolsmustreador
write the le format, but thereis no needto useary particularlibrary. Additional functionality is provided by separate
packagesyhich aredescribedn the next sections.

Thetypical usageof pfstoolsinvolvesexecutingseveral programgoined by UNIX pipes.The rst programtransmits
the currentframe or imageto the next onein the chain. The nal programshouldeitherdisplayanimageor write it to a
disk. Someexamplesof commandinesaregivenbelow:

pfsin input.exr | pfsfilter | pfsout output.exr

Readtheimageinput.exr , applythe Iter pfsfilter  andwrite the outputto output.exr

pfsin input.exr | pfsfilter | pfsview

Readtheimageinput.exr , applythe Iter pfsfilter  andshaw theresultin anHDR imageviewer.

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

Readthe sequenc®f OpenEXRframesin0100.exr , in0102.exr , .., in0200.exr , applythe Iter pfsfilter
andwrite theresultin Radiances RGBE formatto out0000.hdr , out0001.hdr , ...

TSpeci cationof the pfs formatcanbefoundat: http://mww.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 achiere scenereferredHDR representatiomatherthangenerallyuseddisplay (output) referred
representatiofwith thedynamicrangelimited to the capabilitiesof low dynamicrangemonitors).

Imagesof anextendeddynamicrangecanbe capturedusingstandardievices,suchasprofessionatligital camerashat
canstoreimagesin the RAW formats. The dynamicrangeof the RAW formatsis not limited dueto imageprocessingn
a camerdlike sharpeningvhich reduceghe dynamicrangeaboutan exposurestop) so moreaccuratdnformationabout
scenduminancecanbe achiesed (referto Section3.2 for detailson f-stopsde nition). Anotherexampleareprofessional

Im scannersisedin cinematograpyy which candigitalize Im density(logarithmiccharacteristicyith 12-bit precision.

The devices that can capturehigh dynamicrangedataare usedin various elds like ultrasonograpp radiometry
seismologyetc. In typicalimagingpipelinesthedynamicrangeis compressetb displayreferredrepresentationt causes
signi cant limitationsin imageanalysisprocessingnddisplayingof data.In thefuture,theabore mentioneddeviceswill
tendto extendtheir dynamicrangeto increaseheir accurag.

Therearealreadydeviceson the market thatarenatively designedo captureHDR. The HDR camerasywhosesuney
canbefoundin [4, Section4.9], exploit two major methodgo extendthe dynamicrangeof a sensorandretaindetailsin
darkandbright regionsof a scene.The rst methodemploys thelogarithmicresponsef a CMOS sensoito computethe
logarithmof airradiancein theanalogdomain® The secondmethodinvolvesmeasuringhetime thatasensopixel takes
to attainfull capacity!! which is proportionalto spectraradiance This way a sensomever saturatesindhigherdynamic
rangecanbe captured.

HDR imagesandvideo canbe alsogeneratedising computergraphicstechniques Both real time (GPU based)and
off-line renderingarchitecturesupport oating pointcolor representation.

A numberof high dynamicrangeaquisitiontechniquesnvolves capturingmultiple imagesof the samesceneusing
differentexposuresandthenmemging theseémagesinto anHDR image.Beamsplitterscanbe usedto exposea few sensors
of a differentsensitvity simultaneously The patternsthat changethe exposureof individual pixels of a sensorenable
to extenddynamicrangeby decreasingmageresolution!? Similar solutionwasproposedn®®14 wherethe exposureof
individual sensorpixel canadaptto sceneradianceby usingan optical attenuatar The transmittancef the attenuatois
computedbasedon the brightnessneasuredy the pixel. Thesemethodshowever, requirespecializechardware. In the
following sectionwe discusghetechniquefor capturingHDR imagesusingtypical low dynamicrangecameras.

6.1.Image acquisition from multiple exposures

High dynamicrangeimagescan be capturedusing a sequencef photographf the samescenetaken with different
exposureusing so called multi-exposuretechnique. This techniqueallows to increasethe dynamicrangeandto reduce
the noisein animage. The valuesof luminancerecovered using multi-exposuretechniquesare not meantto be exact
measurementsincethey canbe severily distortedby cameraoptics!® The accurag of reconstructeduminancevalues
depend®n ascenewith betteraccurag for the scenexontainingfewer numberof bright pixels.

The goal of the methodis to vary the exposurein orderto control the light levels to be captured.By increasingthe
exposuretime, low-light detailswill berepresentedvell, atthe costof losinginformationin highly illuminatedareas.On
the otherhand,decreasingxposuretime will shav the detailsin areasof high illumination (seeFigure3). Thesequence
of photographss thenmeigedto createanHDR imagecontainingthe valuesapproximatellyproportionalto theluminance
of areal scene.Suchluminancefactors(referto Section3.1) needto be multiplied by a constantvalue,which depends
on a cameraandlens,to getactuallevel of luminance.Suchconstaninumbercanbe easilyfoundif we canmeasurdhe
luminanceof a photographedurfacel® Underthe assumptiorthat the camerais perfectlylinear, eachphotographcan
be broughtinto the samedomainby dividing eachpixel by the exposurevalue andthen meiged by weightedaddition.
Unfortunately typical camerasarenot linearin the mostcasesanda camen's responsdunctionshouldbe measuredn
orderto linearizethe data.

A camea responsdunctionde nestherelationbetweerpixelsvaluesandthe intensityof light thatreachesameras
CCD sensor Thereare several methodsof estimatingcameraresponsdunction1’22 Figure 2(left) shovs an example
responsdunctionof severaldigital camerasThe proceduredf takingtheinput photographsisedfor capturingthe charac-
teristicsis presentedn [4, Section4.6].



Figure 3. Four LDR imagesselectedrom a sequenc®f photographsisedto build anHDR image. TheresultingHDR image(right)
wascreatecby the pfshdrcalibrateand,to displayin LDR media,tonemappedisingcontrastlomainoperator?®

The pfshdralibrate programin pfscalibration packagecan mege a sequencef standardphotographgo createan
HDR image. The pfscalibmation packages integratedwith pfstoolsandis availablewith the sourcecodeunderthe GPL
licensé. The memging algorithmis basedon the techniqueproposedn.1® The pfshdcalibrate readsinput picturesstored
in variousformats(e.g. JPEG,TIFF or RAW). The exposureparametersf inputimagesareeitherextractedfrom the le
headeror canbe enteredmanually Theresultof combiningthe photographénto an HDR imageareshavn in Figure3.
Thepfshdcalibrate programcanbe alsousedto estimatea cameraesponsdunction (seé® for details).

7. IMA GE RENDERING — TONE MAPPING

tonemappingalgorithm type | video | real-time | key features
1. | Adaptive LogarithmicMapping®* global | no yes brightnessnapping
2. | Time-DependerivisualAdaptatiorf> | global | yes yes psychoplysicalmodelof visualadaptation
3. | Photoreceptdf global | no yes photoreceptomodelwith chromaticadaptatior(von Kries)
4. | Photographid@oneReproductiof local no yes Im responsezonesystemgdetailenhancement
5. | BilateralFiltering for HDR?’ local no no contrastreductionin illumination layerwhile detailspresered
6. | LocaladaptationTM?28 local no no modelingHVS responséo luminance(basedont.v.i. function)
7. | GradientDomainCompressiof? local no no local attenuatiorof large scalegradients
8. | LightnessPerceptioA’ local no no computationaimodelof lightnessperception
9. | ContrasMappingandEqualizatioR® local no no processingf imagecontrast
10. | HistogramEqualizatio* global | no no histogramequalizatiorwith perceptuatonstraints

Table 2. Tonemappingoperatorsmplementedn pfstmopackageandtheir characteristicsReferto Section? for details.

StandardB-bit imagescanbe displayedliterally becausef their display referredrepresentationThe HDR images,
however, containa scenereferredrepresentatiomndneedto be processegbrior to display In particular mostof current
displayshave insufcient capabilitiesto displaythe exactluminancevaluesstoredin anHDR imagebecauséhe dynamic
rangeof thesedevicesis limited. In this sectionwe are concernedvith the depictionof HDR imageson deviceswith
variouscapabilitiesandgivenvariousapplicationrequirements- tonemapping

By de nition, tonemappingalgorithmis a functionthattransformduminanceto a displayablerangeof lumavalues.
In the casewhentonemappingtakesinto accountcolor information,the color channeldinearly relatedto luminanceare
transformedo red,greenandblue channelof pixel intensityvalues.

Generallythetonemappingalgorithmsarederivedfrom eitherbrightnessnappingfunctions(similarto responsef an
analogIm), %24 thresholdvisibility functions2328:31 physiologicalbehaior of humaneye 2° contrastheoriesor lightness

#The homepageof pfscalibmtion packagecan be found at: http://www.mpii.mpg.de/resources/hdr/calibration/pfs.
html
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Figure4. Variousmappingcurvesof globaltonemappingoperatoradjustedor asampleHDR image. Thehistogranin thebackground
illustratesthe luminanceof the sampleHDR image.

perceptiortheories®® The developmentof eachof thesemethodswasdriven by requirement®f a particularapplication
andsofar a universaltone mappingalgorithmis not available. Tonemappingcanbe pro led to achieve differentgoals:
an automaticmethodproducingnice looking images,an emphasion detailsenhancemerfor scienti ¢ visualizationsa
perceptuamatchbetweera realworld sceneanda displayedmage depictionof stylizedimpressiorof ascene®? Despite
the vast diversity of naturaland syntheticHDR imagesand the possibleluminancevaluesinaccurag found in HDR
photographsa robust algorithmis expectedto provide consistentesultswhile avoiding undesirableartifactsincluding
percevablecontrasteversalsandhalosalonghigh contrasiedges.Thealgorithmis in mostcaseexpectedo beautomatic
with few intuitive parametershat provide possibility for ne tuning. It shouldaddresdifferentcapabilitiesof display
devicesand potentialdifferencedn obsenation conditions. Additionally, the tone mappingof video sequencesmustbe
coherenbvertime. Apparentlynotmary algorithmsaretime coherenthowever mostmethodsanachiere time coherence
by incorporatinga modelof visualadaptatiort®

Tonemappingcanin principle producea very gooddepictionof anHDR imageeventhoughthe displayis incapable
to reproduceappropriateangeof luminance becausehe humanvisual systemis generallynot ableto estimateabsolute
luminanceandis sensitve to spatialpatterngn the luminancedifferencesnstead®® A thoughtfulmanipulationof relative
luminanceto createdesiredglobalandlocal contrastsancompensatéor limited dynamicrange differencein adaptation
level of obsenersandits in uence on percevable contrast,ambientillumination, and particulardisplay characteristics:
LCD, CRT, projector plasmaHDR 2

Certainvisual phenomenarehowever relatedto absolutdevels of luminanceandwhenthe luminanceis treatedin a
relative way (seethe discussiorof luminancefactor in Section3.1) theseeffectsmay disappearHumansareparticularly
aware of lossof color visibility andvisual acuity for low luminancelevels, andthe glare effect for stronglight sources.
This phenomenarewell measuredn psychoplysicsandappropriatenodelsareavailable, thereforesometonemapping
operatorssimulatesucheffectsafter performingthe tonemapping*®* to obtaina betterperceptuamatchto the original
scene Sucheffectscanbe alsoappliedin realtime 3°

A selectiorof thestate-of-the-atonemappingoperatordhiave beenmplementedvithin pfstoolsasthepfstmaopackage.
They aresummarizedn Table2. In Figure4 we shav for comparisorseveral tonemappingcurvesadjustedo a sample
HDR image.Clearly, linearscalingof luminancecannotmaptheinputdynamicrangeto displayablevaluesandthe details
in high andlow luminancerangesarelost. Thefull rangeof inputluminancevaluescanbe successfullymappedisingthe
adaptve logarithmic mapping?* Equally good performancecanbe achieved with the photoreceptomodel?® thoughthe
imagewill be considerabldrighterasthe mappingcurve mapslow luminancevaluesto higherdisplayvalues.Thecurve
of the histogramadjustmentnethod? not only coversthe whole input rangebut also ne tunesits shapeto assigrwider
displayablerangeto highly populateduminancerangeshatleadsto a well optimized nal result. Furtherimprovements
canbeachiezedwith local algorithmswhich canemphasizgixel visibility by consideringheneighboringpixels §-23:28.30

The scenereferredrepresentationf imageandvideo datahasan obvious advantagegiven thatthe depictionof HDR
contentcan be highly customizedust beforethe display The visual quality of displayedcontentcan be seriouslyde-
gradedwhenalreadytonemappedmagesandvideoarestoredandtransmittedvithoutary prior knowledgeof their actual



| Visual Differemnce Predictor }—T

Figure 5. High Dynamic RangeVisual DifferencePredictor(HDR-VDP) takes as an input two imagesand producesas a resultthe
probability of detectionmap. Sucha maptells how likely a humanobserer will notice a differencebetweenthesetwo imagesin
particularpartof ascene.

displayconditionsor target application. Furthermoreperceptuakffectswhich areusually not evoked dueto the change
in absolutduminancecanbe addedaspostprocessing Unfortunately tone mappingalgorithmsaregenerallydif cult to

evaluate.Suchevaluationis possibleonly by conductingedioussubjectve comparisorexperimentsaandtheresultsof such
experimentsareofteninconclusve 3637

pfstmopackagés integratedwith pfstoolsandis availablewith thesourcecodeunderthe GPL licensé. Thedatastream
sendto atonemappingalgorithmis scenereferredin the HDR pipeline,but the outputstreamis alreadydisplayreferred.
In practicethis meanghattonemappingis the endpoint of anHDR pipeline.

8. FIDELITY AND QUALITY ASSESSMENT

Visual differencemetricscan predictwhetherdifferencesetweentwo imagesare visible to the humanobserer or not.
Suchmetricsare usedfor testingeither visibility of information (whetherwe can seeimportantvisual information) or
visibility of noise(to make surewe do not seeary distortionsin images,e.g. dueto inaccurateCG renderingor lossy
compression).

Figure5 illustrateshow two inputimages a referencamage(left) anda distortedimage(middle),areprocesseavith
the visual differencepredictorto producea probability of detectionmap (right). Suchprobability of detectionmaptells
how likely we will noticea differencebetweenwo imagesfor eachpart of a scene.Redcolor denoteshigh probability,
green- low probability Redcoloris mostly presenin the areaswherethereis a snov coveredpath. Becauseof smooth
texture of the snaw, thereis notmuchvisualmaskinganddistortionsareeasilyvisible.

High DynamicRangeVisible DifferencePredictor(HDR-VDP)® is theimplementatiorof a differencepredictorthat
canwork within the completerangeof luminancethe humaneye cansee. An input to our metricis an HDR image,or
an ordinary 8-bits-percolor image,corvertedto the actualluminancevalues. The imagesmustbe properly calibratedin
absolutduminanceunitsin orderto guaranteeeliableprediction. Thisis becaus¢he metrictakesinto accountheaspects
of high contrastvision, like scatteringof the light in the optics (OTF), nonlinearresponseo light for the full rangeof
luminance,andlocal adaptation. Thesehave variedin uence on the detectionthresholddependingon the illumination
level of the scene. For example,small detailsare not be noticeableundervery dim light (scotopicvision) but are well
visible whenthey arelit by sunlight(photopicvision).

HDR-VDP is availablefor the researcltommunitywith the sourcecodeunderthe GPL licensé€. It is integratedwith
pfstools sothatit cantake asaninputary pair of imagesthatcanbereadby this package.

9. CONCLUSIONS

The adwancesin display and sensortechnologyhave revealedthe limitation of the existing low-dynamicrangeimaging
pipelines.Thoselimitations canbe addressedndeliminatedin the HDR imagingpipelinesthat offer higherprecisionof
thevisualdata.In thiswork we outlinethefundamentatuantitiesassociateavith HDR images We introducea concepof
anuniversalimagingframeavork in whichimagesarerepresenteth agenericformatthatful lls therequiremenof variety

$Thehomepageof pfstmopackagecanbefoundat: http://www.mpii.mpg.de/resources/tmo/
THDR-VDP homepagecanbefoundat: http://hdrvdp.sourceforge.net/



of applications.Suchrequirementsnclude photometricaccurag of dataand e xibility achiezed by anarbitrarynumber
of layersanduserdataentries. Finally, we describethe software packagedor acquisition,tonemappingandcomparing
HDR imageghatwe have madeavailablefor researcitommunity We believe thatthe softwarecanbe a valuablehelpfor
all thosewho areinvolvedin HDR imaging.
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