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Abstract

High dynamicrange(HDR) imaging hasbecomea pow-
erful tool in computergraphics,andis being appliedto
scenariodik e simulationof differentfilm responsesmno-
tion blur, andimage-basedlumination. TheHDR images
for theseapplicationsaretypically generatedthy combining
theinformationfrom multiple photographsakenat differ-
entexposuresettings.

Unfortunatelythecolor calibrationof thesaémageshas
sofarbeenlimited to very simplisticapproachesuchasa
simplewhite balancealgorithm.More sophisticateaneth-
odsusedfor device-independentolor representationare
noteasilyapplicabldbecauséhey inherentlyassumelim-
ited dynamicrange. In this paper we introducea novel
approachor constructingHDR imagesdirectly from low
dynamicrangeimagesthat were calibratedusingan ICC
input profile.

1. Intr oduction

Normalphotograph&ave non-linearfilm responseandare
thereforenot directly usefulasinput datafor mostcom-
puter graphicsalgorithms,astheserequirelinearizedra-
diancevalues. For example,in order to illuminate syn-
theticobjectsusingphotographsf arealenvironment(see
e.g.[3]), we haveto integrateovertheincidentradianceat
every point on the syntheticobject. If this informationis
to betakenfrom animage thenthelimited dynamicrange
and the non-linearfilm responseof the imagehasto be
taken into account,or effects suchas saturationof very
brightimagepartswill shon up asartifactsin thefinal ren-
dering. Thesames truefor effectslike motionblur [4], or
for image-basedeasurementsf reflectionpropertieq6].
High dynamicrange(HDR) imagingis a powerful tool
for avoiding theseproblems.Using methodssummarized
in moredetailin the next section differently exposedpho-
tographsof the samescenearefirst usedto estimatethe
non-linearfilm responsecurve, which canthen be used
to generatamageswith a high dynamicrangeanda lin-
earizedilm respons¢hatdonotsaturatén thebrightparts.
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Unfortunately the stateof the art of color calibration
in HDR imagingusesavery simplisticapproachbasedn
a simplewhite balancebetweenthe red, green,and blue
channel®f theimage.Theuseof moresophisticatedech-
niquessuchasICC profileswasso far not possiblesince
theseprofiles are inherentlytailored towardsthe caseof
imageswith limited dynamicrange.

In this paperwe proposea new methodfor construct-
ing HDR imageddirectly from low dynamicrangeimages
calibratedwith an ICC input profile. This will not only
allow usto have meaningfulcolorsin image-basedlumi-
nationandmeasuremenbut alsoto simulatethe effectsof
differentcamera/lens/filncombinationswith realisticcol-
ors.

Theremaindeof this papers organizedasfollows: in
Section2 we briefly summarizethe work relatedto HDR
imaging. In Section3 we analyzethe theoreticalfoun-
dationsof HDR imagingin XYZ color space. We then
describehow to uselCC profilesfor HDR imaging (Sec-
tion 4), andvalidateour assumptionsboutthe resulting
color spacein Section5. In Section6 we summarizeour
algorithmbeforewe concludeby presentingesultsfor the
proposednethod(Section?).

2. Previous Work

High dynamicrangeimagingwasfirstintroducedoy Wyck-
off [13] in the 1960swho inventedan analogfilm with
several emulsionsof differentsensitvity levels. His false
colorfilm hadan extendeddynamicrangeof about108.
More recently severalauthorsproposednethodto ex-
tend the dynamicrangeof digital imagesby combining
multiple imagesof thesamesceneahatdiffer only in expo-
suretime. Madden[7] assumegdinearresponsef a CCD
imagerand selectsfor eachpixel anintensity valuefrom
the brightestnon-saturatedmage. Mann and Picard[8]
constructthe responsecurve of the cameraby observing
theintensityvaluesof single pixelsin anexposureseries.
A more robust methodto determinethe responsecurve,
which selectsa small numberof pixels from the images



andperformsanoptimizationwith asmoothnessonstraint,
wasintroducedby DebevecandMalik [4]. They alsoin-
troduceda white balancestepin orderto determinethe
relationshipbetweenthe channelsof a RGB color image.
Robertsoretal. [11] improvedon this by optimizing over
all pixels in all imagesand using a different weighting
function.

In addition,severalmethodshave beenproposedo al-
terthedesignof adigital cameran orderto extendits dy-
namicrange[9, 10]. Notably, Moriwaki [9] focuseson
the correctcaptureof the ratios of the RGB color chan-
nelsin thepresencef high contrastor colorsegmentation
algorithms. FurthermoremodernCMOS imagershave a
higherdynamicrangethanthemorecommonlyusedCCD
imagers.

Theaboremethoddor constructinggHDR imagefrom
an exposureseriesare eitherassuminga linear response
of the imagingsystemor determinethe responsesurve in
a separatestep, treatingmultiple color channelsndepen-
dently. If the relationshipbetweenthe color channelss
consideredatall, it is only donefor thefinal HDR image.

In contrastto that we assumethat colors are recon-
structedcorrectlyin eachinput imageif the pixel under
considerationis not saturatedor underexposed. We use
an ICC input profile [5, 12] describingthe propertiesof
ourimagingsystemto captureaccuratecolorsandto con-
verttheinputimagesinto the CIEXYZ profile connection
spacg PCS).We assumeandconfirmwith ameasurement
thatthe transformatiorinto the PCSleadsto alinearXYZ
spacé, allowing usto calculateHDR valuesby a simple
averagingoperation.

3. High Dynamic Rangelmaging in XYZ
Color Space

The CIEXYZ color spacds definedrelative to the spectral
power distributionsz(A), g(A), Z(A) of theCIE 1931stan-
dard colorimetricobsenrer [2]. The X, Y, Z tristimulus
valuesare definedfor secondanylight sourceqreflecting
or transmittingobjects)as
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whereg()) isthespectrabistributionof thelight andS ()
is the relative spectralpower distribution of the illumi-

1WeuseCIEXYZ to denotethe CIE XYZ colorspaceasdefinedn [2]
and XYZ for ary other not necessarilywell definedcolor spacewith
similar properties.

nant. Note that the tristimulus valuesare independenbf
the power of theilluminantanddependinearly on ¢(A).

If we areableto acquirecolor correctedphotographs
in CIEXYZ spacg(e.g. usinglCC profiles,seeSectiond),
then this linearity relationshipmeansthat every pixel i
in the color correctedimagewill get the following color
value:
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whereT is the exposuretime and!l is anunknawn scaling
factor Thatis, the CIEXYZ color valuesareproportional
to the exposuretime andthe sceneluminancedueto the
linearity of the CIEXYZ color space.

3.1. Exposure Series

This propertycanbe usedto scaleand averagethe pixel
valuesfor a setof images{I;} of the samescenewith
differentexposureiimesZ} in orderto createaHDR image
of thesceneaccordingo thefollowing formulas:

ZjX',jT'_lw(Xle,J’Z i)
Z (Xij,Yij,Z )
> Y T ' w(Xi 5, Y, Zig)
Z (Xij,Yij,Z )
ZjZ',jT' w(X”,Y,],Z i)
> w(Xi;, Y, Zij)

T, is a scalingfactorto determinethe exposurelevel
of the HDR image. As the images{I;} have a limited
dynamic rangethe weighting function w is usedto ig-
norepixel valueswhich aresaturatedr undereposedand
thereforeinvalid. In additionit canbe usedto emphasize
the contritution of pixel valuesin the mediumpart of the
dynamicrange which areassumedo be moreaccurate.

The resultingHDR pixel valuesare now proportional
to the luminanceof the correspondingpart of the scene.
An absolutecalibrationcanbeachievedby capturingatar
getwith known luminance Alternatively theexposurefor-
mula given in [1] canbe usedto obtain an approximate
calibration.

Xi =T,

Z;=T,

4. UsingICC Profiles

In orderto calibratethecolorof ourindividualphotographs,
we use ICC profiles that describethe color characteris-
tics of devicessuchasdigital camerasmonitors,or print-
ers[5, 12]. A profile canbe usedto corvert input data



from the color spaceof the input device into a common
profile connectionspace(PCS)which is either CIELAB

or CIEXYZ with a definedwhite point (illuminant D50).
CIELAB valuescanbe corvertedinto CIEXYZ andvice
versa. An outputor monitor profile corvertsimage data
from the PCSto the color spaceof the outputdevice be-
foreit is printedor displayed.Theseoperationsareusually
performedby a color managemenrgystem.

A suitableinput profile can be usedto corvert input
datafrom a digital camerainto the linear CIEXYZ color
spaceof thePCSandcorrespondthereforeo theresponse
curvethatis traditionallyusedin HDR imaging. However,
in contrastto the responseurve it not only linearizesthe
input databut corvertsit into the well definedCIEXYZ
color space.

Many algorithmswhich use HDR imagesshould be
ableto directly usea XYZ HDR imageinsteadof a RGB
HDR imageasthetwo color spacesrerelated pthershave
to beadaptedo the new color spacelf all operationghat
areappliedto an XYZ HDR imagepresere the linearity
of the CIEXYZ spaceit is possibleto applyanICC output
profileto theHDR imagein orderto have acompletecolor
managementhain.

This approachdependsn the assumptiorthatthein-
put profile converts the input imagesinto a linear XYZ
space. Dependingon the propertiesof the input device
this might be difficult and a tradeof betweengood color
representatioandlinearity hasto be madeduringthecre-
ationof theinput profile. In addition,aninput profile can
be generatedor a preferredreproductionge.g. to empha-
sizeshadav regions,sothattheresultingprofile mightper
form a desiredbut not necessarilfaithful corversioninto
CIEXYZ spacewhich changeghe actualcolor. Due to
thesereasont is necessaryo checkhow lineartheresult-
ing XYZ spaceis (seethe next section). The impact of
theremainingnonlinearitieson theresultingimagesis an-
alyzedin Section?.

5. Linearity Measurements

To test our approachwe acquiredan exposureseriesof
an IT8 tagetwith a Kodak DCS 560 digital cameraand
HMI metalhalidelighting. The seriesconsistsof 13 im-
ageswith exposuretimes betweengss and 555 in 3 f-
stopincrements.A customICC input profile was gener
atedfor a correctly exposedimagefrom this seriesusing
the Linotype CPS ScanOperlCC DCam software. The
imagesof the exposureserieswerethencorvertedinto 16
bit perchannelXYZ color spacewith our own implemen-
tation of a color managemensystemusingthe generated
profile. Pixelsfor which atleastonechannewassaturated
or for whichall channelsvereunderexposedweremarked
invalid andexcludedfrom furtherprocessing.

We implementedhe approactof Robertsoretal. [11]
for 16 bit imagesand calculatedthe responsecurves for
all color channels Figurel shavs a plot of the computed
responsecurvesanda linear responseurve for compari-
son. Note that no smoothingoperationis appliedduring
the computation. Therecoveredresponseurvesconfirm
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Figure 1. Logarithmic plot of the responsecurve of the X, Y,

andZ channeldor thelT8 taigetexposureseries.The horizontal
axis shavs 16 bit digital units. For comparisora plot of a linear

responseure is included.
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Figure 2: Plot of thelinearity of theresponseurve for the X, Y,
andZ channelg'samedataasin Figure1). The horizontalaxis
shaws 16 bit digital units, the vertical axis shavs the relative de-
viation from the linear responsecurve. A smoothingoperation
wasappliedto the curve in orderto emphasizehe globalbehar-

ior. For comparisora plot of alinearresponseure is included.
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thatthe resultingcolor spaceis approximatelylinear (see
Figure2. But they alsoshow severalproblems:

e Theresponseurvesarenotsmoothandshav abias
in the brighter regions (especiallyin the X andY
channel).

¢ In the very darkregions,the signalis stronglynon-
linear and noisy. This can be due to several rea-
sons,especiallythe limited signal-to-noiseratio of



thecameraquantizatiorartifactsin theintermediate
imagerepresentationgndproblemswith thegener
atedprofile.

¢ In the very bright regionsthe responsecurve hasa
highvariance.

Theweightingfunctionw shouldtake theseproblemsinto
accountand suppressaluesat both endsof the dynamic
range.Furtherexperimentdave shovn, thatthelocal vari-
ationsthroughoutthe dynamicrangedependon the scene
content. Including them into the weighting function is
thereforenot appropriate.

The largestproblemis the biasin the X andY chan-
nel. This could be dealtwith by manuallylinearizingthe
responsecurve which directly compromiseshe integrity
of the profile connectionspace.Alternatively, combining
severalimagescanalsoreducethe errorwithout explicitly
changinghe PCS.This approacthasthe advantagethatit
is unbiasedi.e. it leadsto a correctresultif the exposure
seriesconsistf asingleimage.

Taking theseconsiderationsnto account,we decided
to leave theresponseurve unmodifiedandto useasimple
weightingfunctionw with alinearrampat both endsand
a constantvalueinbetween.Dueto the differentbehaior
of the threechannelsthe widths of the rampsare differ-
ent for eachchannel. As shavn in Section? this choice
workedwell for our setup.However, dependingn thein-
dividual setupused a differentweightingfunctionmaybe
appropriate.

6. Algorithm

Given a suitableinput profile, the generationof a HDR
image from an exposureseriesis not difficult. First the
imageshave to be corvertedinto CIEXYZ color spaceus-
ing the profile. Pixelsfor which atleastonecolor channel
is saturatedor for which all color channelsare undere-
posedin the original imageshouldbe markedinvalid and
excludedfrom the HDR calculation.

Thecontributionsof theimagego thefinal HDR image
aresummedup accordingto Equationl usingthe weight-
ing functionw. TheresultingHDR imagecanthenbear-
bitrarily processedslong asthelinearity is presered. Fi-
nally, the imagehasto be corvertedbackto the PCShy
correctingall pixelsfor whichthevalueof Y is > 100. As
thesepixels are“overexposedthey cane.g. be setto the
tristimulus valuesof the light source. The resultingim-
agecanthenbe usedin the color managemenivorkflow
withoutlimitations.

7. Resultsand Conclusion

We describedn this papethow the ICC profile mechanism
canbeusedo acquireHDR imagesn CIEXYZ spacewith

calibratedcolors. As long asfurther processingteps(e.g.
image-basedenderingalgorithms)presere the linearity
of the CIEXYZ color spaceijt is possibleto returnto the
PCSandapply suitableoutputprofilesto theimagedead-
ing to anintegrationof HDR imagingwith traditionalcolor
managementystems.

Figure 3 shavs a normalimage,which was obtained
with our methodby generatinga HDR imagefrom the ex-
posureseriesdescribedn Section5. Theimagewasnor-
malized(i.e., the intensity was scaledso that the largest
pixel value equals100) in CIEXYZ space,corvertedto
CIELAB andfinally to sSRGB.For comparisonanoriginal
input imagewas also normalizedin CIEXYZ spaceand
corvertedto LAB. TheEuclideandistanceAE?, between
the two imageshasbeencalculatedfor all pixels andis
shavn togethemwith a histogramof the color patchpartof
thetargetin Figures4 and5. The matchbetweentheim-
agesds very good. Theresultshecomeonly slightly worse,
if lessimages(e.g.,a seriesseparatedby a full f-stop)are
used.

Figure 3. Imagegeneratedom theHDR imageof thel T8 target.
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Figure 4. Differencebetweenan appropriatelyscaledoriginal
inputimageandFigure3 calculatedisingthe AE;, metric. Most
colorsarereproducedery well, thelargesterroris in thepatches

J3andJ4with AE}, ~ 12.

Oncethelinearity of the XYZ spacds establishedthe
proposedmethodis easyto implementand requiresonly
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Fi gure0 5: I—zlistozyran;of ABE;,, 1icn th:éi colgr pawlfchpgrtof 0the IT8
taget(seeFigure4). The horizontalaxisshavs AE;,, theverti-
cal axisshavs the correspondingdraction of pixels.

a small amountof memoryasthe imagescan processed
sequentially The quality of theresultsdependsnainly on
the input profile andthe precisionof the input imagesis
notlimited to a certainnumberof bits perchannel.
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