
Perception-motivated High Dynamic Range Video Encoding

Rafa� Mantiuk,GrzegorzKrawczyk,Karol Myszkowski, andHans-PeterSeidel
MPI Informatik

Figure 1: Gray-scaleframesselectedfrom a capturedhigh dynamicrangevideo sequenceand perceptuallylosslessencodedusing our
technique.Referto theinsetwindowsandnoticethepossibilityof full visible luminancerangeexplorationin thevideo.

Abstract
Dueto rapidtechnologicalprogressin high dynamicrange(HDR)
video captureand display, the ef�cient storageand transmission
of suchdatais crucial for the completenessof any HDR imaging
pipeline. We proposea new approachfor inter-frameencodingof
HDR video, which is embeddedin the well-establishedMPEG-
4 video compressionstandard. The key componentof our tech-
niqueis luminancequantizationthat is optimizedfor the contrast
thresholdperceptionin the humanvisual system. The quantiza-
tion schemerequiresonly 10–11bits to encode12 ordersof mag-
nitudeof visible luminancerangeanddoesnot leadto perceivable
contouringartifacts. Besidesvideo encoding,the proposedquan-
tization provides perceptually-optimizedluminancesamplingfor
fast implementationof any global tonemappingoperatorusinga
lookuptable.To improve thequality of syntheticvideosequences,
we introducea codingschemefor discretecosinetransform(DCT)
blockswith highcontrast.Wedemonstratethecapabilitiesof HDR
video in a player, which enablesdecoding,tonemapping,andap-
plying post-processingeffectsin real-time.Thetonemappingalgo-
rithm aswell asits parameterscanbechangedinteractively while
thevideois playing. We cansimulatepost-processingeffectssuch
asglare,night vision, andmotionblur, which appearvery realistic
dueto theusageof HDR data.

CR Categories: I.3.3 [Computer Graphics]: Picture/Image
Generation—Displayalgorithms; I.4.2 [Image Processingand
Comp.Vision]: Compression(Coding)—Approximatemethods

Keywords: highdynamicrange,HDR video,tonemapping,lumi-
nancequantization,video compression,MPEG-4,DCT encoding,
videoprocessing,visualperception,adaptation

1 Intro duction

The rangeof luminancevaluesin real world scenesoften spans
many ordersof magnitude,whichmeansthatcapturingthosevalues
in a physically meaningfulway might requirehigh-dynamicrange
(HDR) data. SuchHDR datais commonin surveillance,remote

sensing,spaceresearch,andmedicalapplications(e.g.,CT scan-
ning). HDR imagesare also generatedin scienti�c visualization
andcomputergraphics(e.g.,asaresultof globalilluminationcom-
putation). Many practicalapplicationsrequirehandlingof HDR
datawith high ef�ciency and precisionin all stagesof the HDR
imagingpipeline from acquisition,throughstorageand transmis-
sion, to HDR imagedisplay. We brie�y discussall thesestagesin
the context of video, whereall framescontainHDR information
(seeFigure1). Ef�cient HDR videoencodingandplaybackarethe
mainfocusof thispaper.

In recent years signi�cant progresshas been made in the de-
velopmentof HDR video sensorssuch as Lars III (Silicon Vi-
sion),Autobrite(SMalCameraTechnologies),HDRC(IMS Chips),
LM9628 (National), Digital Pixel System(Pixim). Since HDR
camerasarestill relatively expensive,HDR videois oftencaptured
using low dynamicrangesensors.A basicprinciple hereis that
registeredimages,whicharecapturedwith differentexposures,are
fusedinto a single HDR image[Burt and Kolczynski 1993; De-
bevecandMalik 1997]. This canbedoneusingbeamsplittersand
projectingthe resultingimagecopiesto multiple imagedetectors
with presetdifferentexposures[Saito1995]. In thesolutionswith
a single imagedetector, samplingin the exposuredomainis per-
formedat theexpenseof eitherspatialor temporalresolution.For
examplepixelscanbeexposeddifferentlyby placinga �x edmask
[NayarandMitsunaga2000]or anadaptive light modulator[Nayar
andBranzoi2003]with spatiallyvaryingtransparenciesadjacentto
theimagedetectorarray. In thetemporaldomain,theexposurecan
bechangedrapidly for subsequentframes,which after their regis-
trations(neededto compensatefor cameraandobjectmotion)are
fusedtogetherinto HDR frames[Kangetal. 2003].

On theotherendof theHDR imagingpipelinetheproblemof dis-
playingimageson deviceswith limited dynamicrangearises.The
HDR datacompressionfor accommodatingtherangelimitationsis
calledtonemapping(refer to a recentsurvey on tonemappingal-
gorithms[Devlin et al. 2002]). Simple tonemappingalgorithms,
which do not analyzelocal imagecontentbut insteadapply the
sametonereproductioncurve globally for all pixels,caneasilybe
performedin real-timeon modernCPUs[Kang et al. 2003;Drago
et al. 2003]. Even moreadvancedalgorithmsinvolving different
processing,whichmightdependon local imagecontent,canbeex-
ecutedat videoratesusingmoderngraphicshardware[Goodnight
et al. 2003]. For sequenceswith rapid changesin sceneintensity,
the temporalresponseof the humanvisual system(HVS) should
be modeled.Modelsof dark andlight adaptation[Ferwerdaet al.
1996]have alreadybeenincorporatedinto globaltonemappingal-
gorithms[Pattanaiketal. 2000;DurandandDorsey 2000],but sim-
ilar extensionsfor localmethodsremainto bedone(atpresentonly
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Figure2: Simpli�ed pipelinefor the standardMPEG video encoding(black) andproposedextensions(blue anditalic) for encodinghigh-
dynamicrangevideo.Notethatedgeblocksareencodedtogetherwith DCT datain theHDR �o w.

staticimagesarehandledby thesemethods).It shouldbenotedthat
thechoiceof anappropriatetonemappingalgorithmandits param-
etermay dependnot only on a particularapplication,but alsoon
the type of displaydevice (projector, plasma,CRT, LCD) and its
characteristics,suchasreproducedmaximumcontrast,luminance
range,and gammacorrection. Also, the level of surroundlumi-
nance,which decidesupontheHVS adaptationstateandeffective
contraston the displayscreen,is importantin this context [Ferw-
erdaet al. 1996; CIE 1981]. This meansthat the visual quality
of displayedcontentcanbeseriouslydegradedwhenalreadytone
mappedimagesandvideoarestored/transmittedwithout any prior
knowledgeof their actualdisplayconditions. The importanceof
HDR datahasthereforeincreasedsigni�cantly, andit will continue
to increaseasdisplayscoveringa luminancerangeof 0.01–10,000
cd=m2 becomeavailable[Seetzenetal. 2004].

An importantproblem is HDR imageencoding,which for stor-
ageandtransmissionef�ciency usuallyreliesontheluminanceand
color gamut quantization. While a numberof successfulencod-
ingsfor still HDR imageshavebeendeveloped[WardLarson1998;
Bogartetal. 2003],noef�cient inter-frameencodingof HDR video
hasbeenproposedso far. This work is an attemptto �ll this gap.
We chosethe MPEG-4 standardas our framework for the HDR
videoencoding.This allowedusto exploit all thestrengthsof this
well-establishedstandard,as well as making our implementation
moresimple.In thefuturethis mayalsoleadto backwardcompat-
ibility betweenlow- andhigh-dynamicrangecontents.A number
of MPEG-4extensionsareneededto accommodateHDR data.To
obtainvisually losslessencodingswe introduceanovel HDR lumi-
nancequantizationschemein whichthequantizationerrorsarekept
below the just noticeablethresholdvaluesimposedby the HVS.
This alsorequiresextendingMPEG-4datastructuresfrom 8 to 11
bits. Additionally we introduceanef�cient codingschemefor dis-
cretecosinetransform(DCT) blockswith high contrasts.Also, we
investigatetheapplicabilityof standardMPEG-4weightingmatri-
ces(usedfor the DCT quantizationand tunedfor typical display
luminanceranges)in the context of HDR datacompression.We
usegraphicshardwareto supportHDR videodecoding,tonemap-
ping, andon-the-�y effects,which rely on HDR pixel information
suchasglare,light anddarkadaptation,andmotionblur.

The remainderof the paperis organizedasfollows. In Section2
we brie�y discussthe MPEG-4 standardand we proposeexten-
sionsneededto accommodatethe HDR data. Section3 provides
someimplementationdetailsconcerningour HDR video encoder
andplayer. In Section4 we discussthecompressionperformance
resultsandwedescribeaclient sidepost-processingof HDR video
includingreal-timerenderingof specialeffectsandtonemapping.
SinceHDR video is not well established,in Section5 we discuss
someof its possibleapplicationsin the context of techniquespre-
sentedin this paper. In Section6 we concludethis paperandpro-
posesomefuturework directions.

2 Encoding of High-Dynamic Range Video

In this sectionwe introducea novel algorithmfor encodingHDR
video. Although the choiceof a video compressionmethodoften
dependson the application,we focuson a generalencodingalgo-
rithm that is effective for storage/transmission(utilizesinter-frame
compression)andat thesametime doesnot introduceperceivable
artifacts(is visually lossless).Moreover, we do not considermulti-
passapproaches,wheretheencodingis adaptively tunedfor video
contents,sincethosewould limit possibleapplications(e.g.a real-
time videocaptureandencodingis possibleonly in a single-pass).
As a framework for HDR videoencodingwe selectedtheMPEG-
4 standard,which is state-of-the-artin generalvideoencodingfor
low dynamicrange(LDR) video. Recentstudiesdemonstratethat
wavelettransformsextendedinto thetemporaldomainandcoupled
with motion predictioncanalsobe successfullyappliedfor LDR
video compression(e.g. [ShenandDelp 1999]), but no wavelet-
basedstandardutilizing inter-frame compressionhasbeenestab-
lishedsofar.

Thescopeof requiredchangesto MPEG-4encodingis surprisingly
modest.Figure2 shows a simpli�ed pipelineof MPEG-4encod-
ing, togetherwith proposedextensions.A standardMPEG-4en-
codertakesasaninput three8-bit RGBcolorchannelswhereasour
encoderusesHDR XYZ color spacesinceit canrepresentthe full
colorgamutandthecompleterangeof luminancetheeyecanadapt
to. To improve thecompressionratio, theMPEG-4encodertrans-
formsRGBdatato theYCBCR colorspace.Ourencoderstorescolor
informationusingaperceptuallylinearu0v0colorspace,in asimilar
way asit is realizedin theLogLuv imageencoding[WardLarson
1998].Thecolorspaceu0v0offerssimilarcompressionperformance
asYCBCR andcan representthe completecolor gamut [Nadenau
2000]. Furthermore,an 8-bit encodingof u0v0 valuesdoesnot in-
troduceperceivable artifactsas the quantizationerror is below a
JustNoticeableDifferencefor a skilled observer [Hunt 1995,Sec-
tion 8.6]. Real-world luminancevaluesaremappedto 11-bit inte-
gersusinga perceptuallyconservative function, which we derive
in Section2.1. We choosean 11-bit representationof luminance
asit turnsout to bebothconservative andeasyto introduceto the
existingMPEG-4architecture.

The next stageof MPEG-4 encodinginvolves motion estimation
andcompensation(refer to Figure2). Suchinter-framecompres-
sionresultsin signi�cant savingsin bit-streamsizeandcanbeeas-
ily adaptedto HDR data. After the motion compensationstage,
inter-framedifferencesaretransformedto a frequency spaceby the
DiscreteCosineTransform(DCT). The frequency spaceoffers a
morecompactrepresentationof video andallows perceptualpro-
cessing.

A perceptuallymotivatedquantizationof DCT frequency coef�-
cientsis the lossypartof theMPEG-4encodingandthesourceof
themostsigni�cant bit-streamsizesaving. AlthoughtheMPEG-4
standardassumesonly the quantizationof LDR dataof a display
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Figure3: Shapeof the luminance-to-integersmappingfunction l
comparedwith a logarithmic compression(e.g.,LogLuv format).
Thefunction l allocatesmorevaluesto themesopicandphotopic
ranges,wherethehumaneye is themostsensitive to contrast.

device, in Section2.2wegeneralizethequantizationmethodto the
full rangeof visible luminancein HDR video.

Due to quantizationof DCT coef�cients, noisy artifactsmay ap-
pearnearedgesof high-contrastobjects. While this problemcan
beneglectedfor LDR data,it posesa signi�cant problemfor HDR
video,especiallyfor syntheticsequences.To alleviatethis, in Sec-
tion 2.3 we proposea hybrid frequency and luminancespaceen-
coding,wheresharpedgesareencodedseparatelyfrom smoothed
DCT data.

In thefollowing sectionswedescribeourextensionsto theMPEG-
4 format,whicharerequiredfor ef�cient HDR videoencoding.For
detailedinformationontheMPEG-4encodingreferto thestandard
speci�cation[ISO-IEC-14496-21999].

2.1 Perceptual Quantization of Luminance Space

Thekey factorthataffectstheencodingef�ciency of HDRimagesis
theformat in which luminanceis stored.As visible luminancecan
span12–14ordersof magnitude[Hood andFinkelstein1986], the
obviouschoicewould beencodingluminanceusing�oating point
values.Suchanapproachwastakenin theOpenEXR[Bogartetal.
2003] format for still images.Unfortunately�oating point values
do not compresswell, so an improved encodingef�ciency canbe
expectedif integervaluesareused.In thissectionweproposesuch
aluminance-to-integersmapping,whichtakesinto accountthelim-
itationsof humanperception.

It is well known that the HVS sensitivity dependsstronglyon the
adaptation(background)luminancelevel. The sensitivity is of-
tenmeasuredin psychophysicalexperimentsasthe just noticeable
luminancethresholdDy that canbe distinguishedon the uniform
backgroundluminancey [Hood and Finkelstein1986]. The re-
sultsof suchexperimentsarereportedascontrast versusintensity
cvi(y) = Dy=y or thresholdversusintensitytvi(y) = Dy curves[Fer-
werdaetal. 1996;CIE 1981],whicharedifferentrepresentationsof
thesamedata.Our goal is to modela luminance-to-integersmap-
ping function, so that the quantizationerror is always lower than
thethresholdof perceivableluminanceDy.

To �nd the bestmappingfunction l from the luminancespaceY
to ourperceptuallyquantizedluminancespaceLp, westartwith an
inversemappingy = y (l )

y : Lp ! Y
�

cd
m2

�
whereLp = [0; 2nbits � 1] (1)

Themaximumquantizationerror, dueto roundingto integervalues,
for eachintegerluminancel is givenby

e(l ) = maxf jy (l + 0:5) � y (l )j ; jy (l ) � y (l � 0:5)jg (2)

Wecanapproximatethemaximumquantizationerrorfrom theTay-
lor seriesexpansionby

e(l ) � 0:5
dy (l )

dl
(3)

wheredy
dl is a derivative of thefunctiony . We wantto �nd sucha

function y that the quantizationerror e(l ) is lower thanthe max-
imum perceivable luminancethresholde(l ) � tvi(yadapt ), where
tvi() is a thresholdversusintensityfunction. To changethis in-
equalityto anequality, we introduceavariable f � 1

e(l ) = f � 1 � tvi(yadapt ) (4)

For simplicity weassumevisualadaptationto asinglepixel1, thus
yadapt = y = y (l ) (5)

Fromequations3, 4 and5, wecanwrite adifferentialequation

dy (l )
dl

= 2� f � 1 � tvi(y (l )) (6)

Boundaryconditionsfor theabove equationaregivenby themin-
imum andmaximumvisible luminance2: y (0) = 10� 4cd=m2 and
y (lmax) = 108 cd=m2, wherelmax= 2nbits � 1 is themaximuminte-
gervalueweencode.Now wecannumericallysolve this two point
boundaryproblemusing for examplethe shootingmethod[Press
et al. 1993]. This way we �nd boththe integer-to-luminancemap-
ping function y = y (l ), as well as the variable f . The variable
f indicateshow muchlower thanthetvi() function the maximum
quantizationerrorsare,or how conservative our mappingis. This
givesus a trade-off betweenthe numberof bits andthe quality of
theluminancemapping.

We experimentedwith two t.v.i. curves: The Visibility Reference
Functionde�ned in [CIE 1981]anda t.v.i. function introducedto
computergraphicsby Ferwerdaet al. [1996]. Although the func-
tion proposedby theCIE standarddoesnotshow adiscontinuityat
thetransitionbetweenrod andconevision, to solve equation6 we
usedFerwerda'smoreconservative t.v.i. function.

As thefunctiony is strictly monotonic,a reversefunctionl = l (y)
canbefoundaswell. Thereversefunctionl for 11-bit luminance
codingis plottedin Figure3. A similar function to l but with no
constraintson thequantizationerrors,calledthecapacityfunction,
wasderived in thecontext of tonemappingby Ashikhmin [2002].
A naturalrepresentationof y (l ) is a lookup tableas the number

1Therearesigni�cant argumentsin psychophysical literaturefor local-
ized adaptationof the humaneye [Shapley andEnroth-Cugell1984]. Al-
thoughtheeye doesnot adaptto theareaof a singlepixel, suchanassump-
tion is oftentaken[Daly 1993;Sezanet al. 1987]. In termsof quantization
this is a conservative assumptionaswell becausethe thresholdluminance
for the pixel shouldbe the lowest when the eye is adaptedto that pixel
[Nadenau2000,Section2.6.2].

2Somesourcessuggesttheminimumlevel of adaptationat10� 6 cd=m2.
However it is dif�cult to achieve suchanadaptationevenunderlaboratory
conditions[Hood and Finkelstein1986]. Thereforeexperimentaldata is
usuallymissingfor suchsmallluminancelevels.Thecontrastversusinten-
sitycurve in Figure4 showsaperceivablethresholdover1,000%for thelu-
minanceof 10� 4 cd=m2. This meansthat luminancebelow thatvaluedoes
not containany meaningfulinformation that shouldbe encodedin HDR
video.



# of bits to encodeluminance f VDP P > 0:75 VDP P > 0:95

8 bits 1.67 6%–47.9% 0%–8%
9 bits 3.38 0%–6.3% 0%
10bits 6.67 0% 0%
11bits 13.26 0% 0%

Table 1: Precisionof the luminance-to-integersmappingfor in-
creasingnumberof bits usedto encodeluminance.Value f = 1:67
meansthat the maximumquantizationerror of any mappedlumi-

nancey equalstvi(y)
1:67

h
cd
m2

i
for 8 bits andis twice reducedwith ev-

eryadditionalbit. Two rightmostcolumnscontaintheresponsesof
theVisualDifferencePredicatorfor severalquantizedframestaken
from differentanimations.Thepercentvaluesdenoterelative area
of theimagefor which artifactswill bevisible with theprobability
P greaterthan0.75and0.95.

of discretevaluesis usuallybelow severalthousand.Binary search
canbeusedto �nd valuesof theinversefunctionl (y). Alternately,
ananalyticfunctioncanbe�tted to thedata.

Table1 shows the valuesof the f variablefor a differentnumber
of bits usedfor luminanceencoding.Surprisingly, 8-bit encoding
seemsto guaranteevisually losslessquantizationof high dynamic
rangeluminance! Sucha low numberof requiredbits canbe ex-
plainedby the shapeof the c.v.i. curve, which gives the lowest
contrastdetectionof 6% (seeFigure4), while thethresholdof 1%
is usuallyassumedin the imageprocessingliterature[Sezanet al.
1987].Thiscomesfromthefactthatc.v.i. functionshavebeenmea-
suredfor a particularstimulus(usuallya rounddisk on a uniform
background)andthusthe thresholdsmay not be directly applica-
ble to complex stimuli like video. We suggestthat the thresholds
of the c.v.i. functionsshouldbe loweredby a constantvalue,so
that they arebelow 1% for the photopicconditions.This way the
c.v.i curvesstill predictlossof sensitivity for low luminancelevels
andthethresholdsareconsistentwith imageprocessingstandards.
Suchconservative assumptionson thevisibility thresholdsaremet
if 10 or morebits areusedto encodeluminance.Theresultsof the
Visible DifferencePredicator[Daly 1993](Table1) furthercon�rm
thata10-bit quantizationdoesnot resultin visibleartifacts.

Theproblemof perception-basedimagedataquantizationthatmin-
imizescontouringartifactshasbeenextensively studiedin theliter-
ature[Sezanet al. 1987;Lubin andPica1991]but mostlyfor LDR
imaging.A simplermappingfunctionfor HDR imagesthantheone
derived above is usedin the LogLuv format [Ward Larson1998].
LogLuv usesa logarithmicfunctionto mapfrom luminancevalues
to 15-bit integers.Thequantizationerrorof suchmappingagainst
a rangeof visible luminanceis shown in Figure4. For comparison,
a functionof maximumperceivableluminancecontrastat a partic-
ular adaptationluminance(c.v.i.) wasplotted in the same�gure.
Ward's mappingfunctionis well alignedto thec.v.i. curve at high
luminancevalues.However, thelogarithmicmappingis tooconser-
vativefor scotopicandmesopicconditions.Asaresult,asigni�cant
amountof bits is wastedto encodesmallcontrastchangesat low lu-
minance,which arenot visible to thehumanobserver. We propose
amoreeffectivemappingfrom luminanceto discretevalues,which
is in abetteragreementwith humanperception.

Thebestquantizationaccuracy canbeexpectedfor thoseHDRdata,
which arecalibratedin termsof luminancevalues. Even a rough
calibrationis suf�cient for the 11-bit encoding,which as can be
seenin Figure 4 leadsto conservative valuesfor the perceivable
contrastthreshold.For non-calibrateddata,it is expectedthatprior
to the encodingstepa multiplier valueis setby the userfor each
videosequenceto adjustits pixel valuesto a reasonableluminance
range.
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Figure4: Quantizationerror of popularluminanceencodingfor-
matscomparedwith Ferwerda's contrastversusintensityfunction
(c.v.i). 11-bit perceptualmappingrefersto the mappingfunction
l derived in Section2.1. 32-bit LogLuv denotes15-bit encod-
ing of luminanceusedin the LogLuv TIFF format [Ward Larson
1998].RGBErefersto theRadianceformat[Ward1991]and16-bit
half denotes16-bit �oat encodingusedin OpenEXR[Bogart et al.
2003]. The edgyshapeof both RGBEand16-bit half is caused
by roundingthe mantissa.Unlike other functions,a curve of the
proposedperceptualmappingis alignedto thethresholdsof visible
contrast(t.v.i.) for the full rangeof visible luminance.They-axis
canbeinterpretedbothasthelowestperceivablecontrast(about6%
for thec.v.i. at 100cd=m2) andmaximumquantizationerror.

2.2 Quantization of Frequency Components

In theprevioussectionwe deriveda perceptualquantizationstrat-
egy for luminancevalues.SuchaquantizationdependsontheHVS
responseto contrastat differentillumination levels. However, the
loss of information in the humaneye is limited not only by the
thresholdsof luminancecontrastbut alsoby thespatialcon�gura-
tion of imagepatterns(visual masking)[Daly 1993]. To take full
advantageof thoseHVS characteristics,MPEGencodersapplythe
DCT to each8� 8 pixel block of an image. TheneachDCT fre-
quency coef�cient is quantizedseparatelywith the precisionthat
dependsonthespatialfrequency it represents.As wearelesssensi-
tive to high frequencies[VanNesandBouman1967],largerlossof
informationfor high frequency coef�cients is allowed. In this sec-
tion we show thattheMPEG-4quantizationstrategy for frequency
coef�cients canbeappliedto HDR data.

In MPEG encoders,the quantizationof frequency coef�cients is
determinedby aquantizationscaleqscale andaweightingmatrixW.
Frequency coef�cients F arechangedinto quantizedcoef�cients F̂
usingtheformula

F̂i j =

"
Fi; j

Wi; j � qscale

#

wherei; j = 1::8 (7)

Thebracketsdenoteroundingto thenearestintegerandi; j arein-
dicesof theDCT frequency bandcoef�cients. Theweightingma-
trix W usually remainsunchangedfor whole video or a groupof
frames,andonly thecoef�cient qscale is usedto controlqualityand
bit-rate.Notethattheabovequantizationcanintroducenoisein the
signalthatis lessthanhalf of thedenominatorWi; j � qscale.

Both our HDR perceptuallyquantizedspaceLp (Section2.1) and



 Standard DCT coding Hybrid coding

Figure5: Quality comparisonof the standardDCT codingof the
blockandourhybrid frequency andluminancespacecoding.Quan-
tizedDCT blocksshow artifactsat sharpedges,whicharenot visi-
ble for thehybrid encoding.Thehybrid encodingincreasedsizeof
thebit-streamby 7%.

the gammacorrectedYCBCR spaceof LDR pixel valuesare ap-
proximatelyperceptuallyuniform [Nadenau2000,Section7.2.2].
In otherwords,thesameamountof noiseresultsin thesamevisi-
ble artifactsregardlessof the backgroundluminance.If quantiza-
tion addsnoiseto thesignalthat is lessthanhalf of thedenomina-
tor of equation7, quantizingfrequency coef�cients usingthesame
weightingmatrixW in bothspacesintroducesartifacts,which dif-
fer betweenthosespacesby a roughly constantfactor. Therefore
to achieve thesamevisibility of noisein theHDR spaceasin LDR
space,theweightingmatrix W shouldbemultiplied by a constant
value.This canbeachievedby settinga propervalueof thecoef�-
cientqscale.

Thedefaultweightingmatricescurrentlyusedin MPEG-4for quan-
tization [ISO-IEC-14496-21999,Section6.3.3]aretunedfor typ-
ical CRT/LCD displayconditionsandluminanceadaptationlevels
around30–100cd=m2. Contrastsensitivity studies[Van Nesand
Bouman1967] demonstratethat the HVS is the mostsensitive in
suchconditionsandthecorrespondingthresholdvaluesessentially
remainunchangedacrossall higher luminanceadaptationvalues.
Ontheotherhand,thethresholdvaluessigni�cantly increasefor the
lower luminanceadaptionlevels.ThismeansthatMPEG-4weight-
ing matricesare conservative for HDR data. More effective and
still conservative quantizationcanbe expectedif separateweight-
ing matricesareusedfor lower luminancelevels.However, this re-
quiresadditionalstorageoverhead,asupdatedmatriceshave to be
encodedwithin the stream.Moreover, suchadaptive quantization
requiresmulti-passencoding,which restrictspossibleapplications.
Anothersolution is pre�ltering of input imagesto remove imper-
ceptiblespatio-temporalfrequencies[Border andGuillotel 2000].
In thiswork wedonot investigatethoseapproachesandwealways
useasingleweightingmatrix.

2.3 Hybrid Frequency / Luminance Space Encoding

In theprevioussectionweshowedthatthequantizationof DCT co-
ef�cients canbesafelyappliedto theperceptuallyquantizedHDR
spacethusgreatlyreducingthesizeof thevideostream.Unfortu-
nately the DCT is not alwaysan optimal representationfor HDR
data. HDR imagescancontainsharptransitionsfrom low to ex-
tremelyhigh luminancevalues,for exampleat the edgesof light
sources.Informationaboutsharpedgesis encodedinto high fre-
quency DCT coef�cients, which arecoarselyquantized.This re-
sultsin visible noisyartifactsaroundedges,ascanbeseenin Fig-
ure5. Thisis especiallypronouncedin thecaseof syntheticimages,
whichoftencontainsharpluminancetransitionsbetweenneighbor-
ing pixels. To solve this problemwe proposea hybrid encoding,
whichstoresseparatelylow-frequency datain DCT blocksandele-
vationof sharpedgesin “edgeblocks”.
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Figure6: Decompositionof a signalinto sharpedgeandsmoothed
signals.
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Figure7: Stepsof a hybrid frequency andluminancespacecoding
of a single8� 8 block. Blue insetson theleft show a cross-section
of the�rst row (aandb) andthe�rst column(c andd) of theblock
values. Note how the curvesaresmoothedasedgesareremoved
from the block, resultingin lower valuesfor the high frequency
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Figure6 illustrateshow, in caseof 1D data,input luminancethat
containsa sharpedgecanbesplit into two signals:Onepiece-wise
constantthat containsthesharpedgealoneandanotherthatholds
slowly changingvalues. The original signalcanbe reconstructed
from thosetwo signals. Due to the fact that sharpedgesoccurin
sequencesrelatively infrequently, the signal that storesthem can
beeffectively encoded.Thesecondsignalno longercontainslarge
valuesof high frequency coef�cients andcanbetransformedinto a
compactDCT representation.

A processof hybrid encodingof a single 8 � 8 block is shown
in Figure 7. The original block (7a) containsa part of a stained
glassfrom the“Memorial Church”HDR image[DebevecandMa-
lik 1997]. To isolatesharpedgesfrom the rows of this block, we
useasimplelocalcriterion: If two consecutivepixelsin arow differ
by morethana certainthreshold(discussedin thenext paragraph),
they areconsideredto form anedge.In suchcasethedifferencebe-
tweenthosepixels is subtractedfrom all pixels in therow, starting
from thesecondpixel of thatpairupto theright borderof theblock.
Thedifferenceitself is storedin theedgeblockatthepositionof the
secondpixel of thatpair. Thealgorithmis repeatedfor all 8 rows
of theblock. This stepis shown in Figure7b. After therows have
beensmoothed,they canbetransformedto DCT space(Figure7c).
Due to the fact that the smoothedand transformedrows contain
large valuesonly for the DC frequency coef�cients, only the �rst
columncontainingthosecoef�cients hasto besmoothedin orderto
eliminatesharpedgesalongtheverticaldirection.We processthat
column in the sameway as the rows andplaceresulting“edges”
in the �rst columnof the edgeblock (Figure7d). Finally, we can



qscale 1–5 6 7 8 9–31

Thresholdinter n/a 936 794 531 186

Thresholdintra n/a n/a 919 531 186

Table 2: Thresholdcontrastvaluesof a sharpedgeabove which
artifactscausedby DCT quantizationcanbeseen.Thevaluescan
beusedto decidewhethera sharpedgeshouldbecodedin a sepa-
rateedgeblock. Thethresholdsaregivenfor differentcompression
quality factorsqscale andfor both intra- andinter-encodedframes
(sinceMPEG-4usesdifferentweightingmatricesto quantizeintra-
andinter-encodedframes).Note that for qscale � 5 noisyartifacts
arenot visibleandnohybrid encodingis necessary.

applyaverticalDCT (Figure7e).

Mostof thevaluesof theresultingedgeblocksareequalto zeroand
canbecompressedusinga run-lengthencoding.However, because
this is still moreexpensive in termsof bit-ratethanencodingDCT
blocksalone,only theedgesthatarethesourceof visible artifacts
shouldbecodedseparatelyin edgeblocks. Thethresholdcontrast
valuethatanedgemustexceedto causevisibleartifactsdependson
themaximumerrorof thequantization(refertoSection2.2)andcan
beestimated.Table2 shows suchthresholdsfor MPEG-4standard
quantizationmatricesand11-bitencodedluminancein theLp space
(refer to Section2.1). Thethresholdswerefoundfor anestimated
quantizationerrorgreaterthan1 JustNoticeableDifference(JND),
where1 JNDequals13.26unitsof theLp space(seeTable1). Note
thatthelowestthresholdequals186,whichcorrespondsto thelocal
luminancecontrast1:30for mesopicand1:5for photopicrange(see
Figure3). Becausesuchhighcontrastbetweenneighbouringpixels
rarely occursin low dynamicrangeimages,hybrid codingshows
visible improvementof quality for highcontrastHDR video.

Theproposedhybrid blockcodingimprovedqualityof encodedse-
quencesat the costof a larger bit-stream(seeFigure5). The ar-
tifactsthat the hybrid coding can eliminateare mostly visible in
syntheticandnon-photorealisticimages,sincethoseoften contain
smoothsurfacesthat do not masknoise. Suchartifactscan not
beeliminatedin post-processing,like blocky artifactsof theDCT.
The hybrid codinggivesadditionallymore localizedcontrol over
the quality than qscale factor. This way, it is possibleto remove
salienthigh frequency artifactswhile theoverall quality is keptthe
same. Although the hybrid encodingis not strictly necessaryto
encodeHDR video, it solvestheproblemof encodinghigh values
of frequency coef�cients, which would otherwiserequireextended
variable-lengthcodingtables. We noticedthat usingthe standard
MPEG-4variable-lengthcodingof AC coef�cients is suf�cient for
HDR videowhenthehybrid blockcodingis used.

3 Implementation

In thissectionweoutlinetechnicaldetailsof our implementationof
HDR compressionandplayback.

OurHDR encoder/ decoderis basedontheXviD library3, whichis
anopensourceimplementationof theSimplePro�le ISOMPEG-4
standard[ISO-IEC-14496-21999]. We extendedthis implementa-
tion to supportan encodingof DCT coef�cients usingmore than
8-bitspercolor channel(NOT 8 BIT). This let usencodeperceptu-
ally quantizedluminance(Lp, refer to Section2.1) representedas
11-bit integers.Thetwo colorchannelsu0v0aresub-sampledto half
of theresolutionof theoriginal imageandencodedwith 8-bit pre-
cision.Thehybrid encoding(referto Section2.3)is appliedonly to

3XviD projecthomepage:http://www.xvid.org

the luminancechannel.Theedgeblocksareencodedin thevideo
streamtogetherwith DCT blocks.To reduceimpacton thestream
size,only thoseedgeblocksareencodedthat arenot empty(less
than7%for our testsequences).

To playbackanHDR videowe createda playercapableof decod-
ing, tone mapping,and applying post-processingeffects in real-
time. To achieve suchperformancewe hadto overcomethebottle-
neckproblemof CPU-to-GPUmemorytransfer. A naive approach
wouldbetransferringHDRframesto theGPUas16-or32-bit�oat-
ing point RGB textures.Instead,we senddatain theLpu0v0 format
(11-,8-,8-bit,refer to the previous paragraph).The Lpu0v0 format
givesa gain of 20-40%of a texturesizewithout any visible degra-
dationof quality. Color conversionfrom theLpu0v0 to RGB format
is implementedeffectively usingfragmentshadersandthuslower-
ing CPUloadonMPEGdecoding.

To tonemapframeswe employeda simplelookuptableapproach.
Becausethenumberof possiblevaluesof thequantizedluminance
Lp is small(2048for 11bits),wetonemaponly correspondingreal-
world luminancevaluesandsendthemto thegraphicshardwareas
a 1D texture. We later usedependenttexture lookupsto �nd the
valuesof tonemappedpixels. Tonemappingparametersandcom-
putationallyexpensive variables,like logarithmicmeanluminance,
areprovided within the bit-streamasan annotationscript. In this
way any global tonemappingoperatorcanbe implementedwith a
marginal effect on performance.On a PentiumIV 2.4GHzproces-
sorandanATI FireGL X1 graphiccardwewereableto decodeand
displayabout30framespersecondfor asequenceof theresolution
640� 480.

4 Applications and Results

In ourexperimentswith HDRvideoencodingandplaybackweused
computergraphicsanimations,panoramicimages,andvideo cap-
turedusingspecializedHDR cameras.The OFFICE sequenceis an
exampleof indoorarchitecturalwalkthroughrenderedusingglobal
illumination softwarewith signi�cant changesof illumination lev-
elsbetweenrooms(Figure10). Thecamerapanningwassimulated
for the CAFETERIA panoramaobtainedusinga SpheronPanoCam
camera.Thescenecontainsbothadim cafeteriainteriorandawin-
dow view in a sunny day (Figure8). To capturenaturalgrayscale
sequenceswe useda Silicon Vision Lars III HDR video camera,
which returnedlinearradiancevalues.TheLIGHT sequenceshows
a direct view of halogenlamp which illuminatesobjectswith dif-
ferentre�ectancecharacteristics(Figure9).

As wediscussedin Section2.1,ourperceptualquantizationstrategy
for luminancevaluesperformsthebestfor HDR videocalibratedin
termsof luminancevalues. Suchcalibrateddataare immediately
availablefor our computeranimationsresultingfrom theglobal il-
luminationcomputation. We alsoperformeda calibrationproce-
durefor theLars III HDR videocamera,usinga KodakGrayCard
with 80%re�ectance.For theremainingvideomaterialweassigned
acommonsenseluminancelevel for selectedsceneregionsandwe
thenrescaledall pixel intensitiesaccordingly.

4.1 HDR Encoding Performance

To give anoverview of thecapabilitiesof theproposedHDR video
encoding,we comparedits compressionratio with state-of-theart
LDR videocompressionandexisting intra-frameHDR encoding.

Although LDR and HDR video compressionstore a different
amountof informationandtheir performancecannotbe matched,



MPEG-4 HDR Enc. OpenEXR
VideoClip ratio bpp ratio bpp ratio bpp

OFFICE hq 0.54 0.27 1.00 0.51 32.17 16.27
OFFICE lq 0.51 0.05 1.00 0.10
L IGHT hq 0.56 0.71 1.00 1.25 22.56 28.25
L IGHT lq 0.57 0.10 1.00 0.18

CAFETERIA hq 0.63 0.12 1.00 0.19 142.58 27.40
CAFETERIA lq 0.54 0.05 1.00 0.09

Table3: Comparisonof compressionperformanceof LDR MPEG-
4, theproposedHDR encoding,andtheOpenEXRformat. ”ratio”
is a relative bit-streamsize increaseor decreasecomparedto our
encoding.”bpp” denotesbits perpixel. “hq” and“lq” next to the
video clip namemeanshigh quality and low quality respectively.
Thereareemptyentriesfor low qualityOpenEXRbecausethis for-
mat doesnot supportlossycompression.The proposedHDR en-
codinggivesabouthalf of thecompressionratioof MPEG-4.High
compressiongainof MPEG-4andHDR encodingfor theCAFETE-
RIA videoclip canbeexplainedby ef�cient motioncompensation
in camerapanning.

suchcomparisoncangive a generalnotion of the additionalover-
headrequiredto storeHDR data. To comparetheperformanceof
LDR andHDR encoding,eachtestsequencewascompressedusing
ourHDR encoder, decompressed,andtonemappedto LDR format.
Then the samesequencewas tone mapped,encodedto MPEG-4
usingthe FFMPEG4 encoder, anddecoded.The quality of the re-
sulting framesfrom both LDR andHDR encodingwasmeasured
usingtheUniversalQuality Index [WangandBovik 2002],which
givesmorereliablequality measurethanPSNR.Next, we matched
pairsof LDR andHDR streamsthathadasimilarquality index, and
comparedtheir sizes.Theresultsareshown in Table3.

TheOpenEXRformatoffersnearlylosslessencoding(up to quan-
tizationprecisionof 16-bit �oating point numbers)andintra-frame
compression,i.e., eachframeis compressedseparately. The per-
formanceof suchcompressioncanbeexpectedto bebelow thatof
inter-frameDCT basedencodingusedin ourencoder. However, the
OpenEXRformat is commonlyusedfor storinganimationframes
andwe decidedto include it in the performancesummaryin Ta-
ble3.

4.2 HDR Video Player

In order to bene�t from HDR information encodedin our video
streamwe have developeda video playerwith extendedcapabili-
ties. The new functionality includesa convenientdynamicrange
explorationtool, tonemappingwith adaptationto differentviewing
conditionsanddisplaydevices,anda client sidepostprocessing.
Webrie�y describeeachof theseextensions.

A dynamicrangedataexploration tool allows the userto view a
selectedrangeof luminancein a rectangularwindow displayedon
topof thevideo(seeFigures8-10).Theusercanmove thewindow
interactively andchoosewhat part of a dynamicrangeshouldbe
mappedlinearly to thedisplayfor closerinspection.As thesmaller
rangeof luminanceis chosen,the tool canreveal quantizationar-
tifacts,especiallyin darker regionsof the scene.This is a correct
side-effect of our compressionbecauseluminanceis mappedto a
�nite numberof integervalues.Notehowever thatthequantization
artifactsarealwaysbelow thethresholdthatcanbeseenin thereal
world by thehumaneye.

4FFMPEG projecthomepage:http://ffmpeg.sourceforge.net/

Figure 8: CAFETERIA sequence, dynamic range � 1:9 �
3:6[logcd=m2]. Thebackgroundframeis clampedto a displayable
range.Ourdynamicrangeexplorationtool, visibleastwo windows,
shows a luminancerange� 1:0� 1:0[logcd=m2] (lower right) anda
high luminancerange1:0� 3:0[logcd=m2] (upperleft). Details in
thesewindows arenot visible in LDR video.Thesourcepanorama
courtesyof Spheron,Inc.

Most of the tonemappingoperatorshave oneor moreparameters
thatcanbetunedby theuserto matchheror his taste.As we have
sourceHDR dataavailable,wecangivetheuserfreedomto control
thoseparameterson the �y . The usercanswitch to differenttone
mappingoperatorsaswell. Alternatively, avideostreamcanbeac-
companiedwith anannotationscript,which containsthebesttone
mappingandits parametersfor eachsceneshot.In ourvideoplayer
we implementedthe logarithmicmapping[Dragoet al. 2003], the
global versionof photographictonereproduction[Reinhardet al.
2002],andtheperceptioninspiredtonemappingintroducedby Pat-
tanaiket al. [2000]. Thesealgorithmsareextendedwith thesimu-
lationof thetemporaladaptationmechanismsasdescribedin Ferw-
erdaetal. [1996]andPattanaiketal. [2000]. Theresultof thelatter
algorithmwith additionalpost-processing[Thomsponet al. 2002]
is visible in Figure10.

LDR movie �les areusuallytunedfor a singlekind of displayde-
vice andviewing condition. Sincewe have real world luminance
valuesin our HDR video stream,our video playercanadjustpre-
sentationparameterstoany existingor futuredisplaydevice. A tone
mappingoperatorwith an inversedisplaymodel [Pattanaiket al.
2000]wasusedin ourplayerfor suchdevicedependenttuning.

An HDR video streamwith real world luminancevaluesmakesit
possibleto addclient-sidepost-processing,which accuratelysim-
ulatesthe limitations of humanvisual perceptionor video cam-
eras. The �ltering of the LDR streammay not give a convinc-
ing result due to the lack of crucial luminanceinformation. In
our video player we implementeda night vision post-processing
[Thomsponetal. 2002]andveiling luminanceeffect [Spenceretal.
1995;WardLarsonetal. 1997].Theresultof the�rst oneis visible
in Figure10. Dueto very low level of luminancein theof�ce, the
sceneis displayedwith desaturatedcolorsanda bluish cast,i.e.,
theway it would beperceivedby thehumaneye. Noticehowever,
thattheinformationonthecorrectcolorandluminancerangeis still
available,andcanberevealedusingthedynamicrangeexploration
tool.



Figure9: L IGHT sequencecapturedwith the HDR video camera,
dynamicrange0:3� 4:9[logcd=m2]. Details of the halogenbulb
arewell preserved despitehigh luminances.The visible rangein
explorationtool window is 2:9� 4:9[logcd=m2].

5 Discussion

AlthoughtheHDR videohasnotbeenwell establishedsofar, many
practicalapplicationswouldbene�t greatlyby providing morepre-
cise,possiblycalibratedstreamsof temporallycoherentdata. Our
HDR videoencodingrelieson insensitivities of theHVS in terms
of luminanceandcontrastperception,andthereforeit is appropriate
for all thoseapplicationswhosegoalis to reproducetheappearance
of imagesasperceived by the humanobserver in the real world.
This assumptionmatcheswell to suchapplicationsasrealisticim-
agesynthesisin computergraphics,digital cinematography, docu-
mentingreality, tele-medicine,andsomeaspectsof surveillance.

For many applicationslinear HDR dataencodingis possiblyre-
quired(e.g.,dynamicHDR environmentmapsusedfor scenere-
lighting in computergraphics).Linear or logarithmic HDR video
encodingmightbedesirablein remotesensing,spaceresearch,and
typical computervision applicationssuchasmonitoring,tracking,
recognition,andnavigation. For suchapplicationsour perception-
basedluminancequantizationalgorithm(Section2.1) is lessuseful
while high-contrastDCT encoding(Section2.3) might bestill ap-
plicable.

For otherapplications,customquantizationalgorithmscanbe re-
quired,for exampleto matchsensorcharacteristicsusedto acquire
HDR datain medicalapplications.In sucha caseour approachto
quantization(Section2.1)canbeeasilyadapted.

Notethatthoughtheoriginalpurposeof ourluminancequantization
is encodingHDR video, the proposedluminance-to-integer map-
ping function canbe usedfor static imagesaswell. Also, in the
context of globaltonemappingalgorithmsourquantizationscheme
leadsto a small lookuptable,which canbeappliedin any applica-
tion that requiresthe perceptualmatchbetweenthe appearanceof
real world scenesanddisplayedimages.Thereis no needto per-
form tonemappingin thecontinuousluminancespace,sincelumi-
nancevaluesdiffering lessthanthequantizationerror in our lumi-
nanceencodingcannotbeperceivedanyway. Thensuchluminance
differencesshouldnot bevisible in thetonemappedimageaswell
[Ferwerdaetal. 1996;WardLarsonetal. 1997].

Figure 10: OFFICE sequencewith simulatedlow-level lightning,
dynamic range � 4:0� 0:2[logcd=m2]. The main frame is tone
mappedusingthe Pattanaiket al. [2000] algorithm. Lack of col-
ors andthe bluish castaredueto the night vision post-processing
asproposedby Thompsonet al. [2002]. Theexplorationwindow
revealscolor anddetailsin the � 2:2� � 1:2[logcd=m2] range.The
scenemodelcourtesyof VRA, GmbH.

6 Conclusions

In this paper, we have presenteda techniquefor encodinghigh-
dynamicrange(HDR) video, which requiresonly modestexten-
sionsof theMPEG-4compressionstandard.Thecentralcomponent
of our techniqueis a perception-basedHDR luminance-to-integer
encodingwhichrequiresonly 10–11bits to encodethefull perceiv-
able luminancerange(12 ordersof magnitude)and ensuresthat
the quantizationerror is alwaysbelow visibility thresholds.Also,
wehaveproposedanef�cient schemefor handlingtheDCT blocks
with high contrastinformationby decomposingtheminto two lay-
ersof LDR detailsandHDR edges,which areseparatelyencoded.
Thesizeof aHDR videostreamencodedby ourtechniqueincreases
lessthantwo timeswith respectto its LDR version.

Thestrengthsof our videoencodingmethodcanbefully exploited
for HDR displays,but our methodcanbe bene�cial for LDR dis-
playsaswell. HDR informationmakes it possibleto adjusttone
mappingparametersfor any display device and surroundlight-
ing conditions, which improves the video reproductionquality.
Also, usingour luminancequantization,theoverheadfor arbitrary
global tone mappingis negligible and amountsto the cost of a
small lookuptablecomputation.We demonstratedthatby playing
backHDR videoon graphicshardwarethebandwidthof uploaded
framescanbesigni�cantly reducedandmany realisticeffectsrely-
ing on HDR pixels suchasglareandmotion blur canbe properly
simulatedon the�y .

As futurework we plan to investigatethe useof lessconservative
weightingmatrices(refer to Section2.2), which shouldlead to a
bettercompressionfor videoswith scotopiclevelsof lighting. Also,
it would be interestingto applyour luminancequantizationfor lo-
cal tonemappingin orderto faithfully reproducethelocal contrast
perceptionof humanobservers.
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