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Figure 1. Gray-scaleframesselectedfrom a capturedhigh dynamicrangevideo sequencend perceptuallylosslessencodedusing our
technique Referto theinsetwindows andnoticethe possibility of full visible luminancerangeexplorationin thevideo.

Abstract

Dueto rapidtechnologicaprogressn high dynamicrange(HDR)
video captureand display the ef cient storageand transmission
of suchdatais crucial for the completenessf ary HDR imaging
pipeline. We proposea new approachfor inter-frameencodingof
HDR video, which is embeddedn the well-establishedMIPEG-
4 video compressiorstandard. The key componentof our tech-
niqueis luminancequantizationthatis optimizedfor the contrast
thresholdperceptionin the humanvisual system. The quantiza-
tion schemeaequiresonly 10-11bits to encodel?2 ordersof mag-
nitudeof visible luminancerangeanddoesnot leadto percevable
contouringartifacts. Besidesvideo encoding,the proposedjuan-
tization provides perceptually-optimizeduminancesamplingfor
fastimplementationof ary global tone mappingoperatorusinga
lookuptable. To improve the quality of syntheticvideo sequences,
we introducea codingscheméor discretecosinetransform(DCT)
blockswith high contrastWe demonstratéhe capabilitiesof HDR
videoin a player which enablesdecodingtone mapping,andap-
plying post-processingffectsin real-time.Thetonemappingalgo-
rithm aswell asits parameterganbe changednteractiely while
thevideois playing. We cansimulatepost-processingffectssuch
asglare,night vision, andmotion blur, which appeawery realistic
dueto theusageof HDR data.
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1 Intro duction

The rangeof luminancevaluesin real world scenesoften spans
mary ordersof magnitudewhich meanghatcapturingthosevalues
in a physically meaningfulway might requirehigh-dynamicrange
(HDR) data. SuchHDR datais commonin surnweillance,remote

sensing,spaceresearchand medicalapplications(e.g.,CT scan-
ning). HDR imagesare also generatedn scienti ¢ visualization
andcomputemgraphicqe.g.,asaresultof globalilluminationcom-
putation). Many practicalapplicationsrequire handlingof HDR
datawith high efciency and precisionin all stagesof the HDR
imaging pipeline from acquisition,throughstorageand transmis-
sion,to HDR imagedisplay We brie y discussall thesestagesn
the context of video, whereall framescontainHDR information
(seeFigurel). Ef cient HDR videoencodingandplaybackarethe
mainfocusof this paper

In recentyears signi cant progresshas been madein the de-
velopmentof HDR video sensorssuch as Lars Il (Silicon Vi-
sion),Autobrite(SMalCameralrechnologies)HDRC (IMS Chips),
LM9628 (National), Digital Pixel System(Pixim). Since HDR
camerasrestill relatively expensve, HDR videois oftencaptured
usinglow dynamicrangesensors.A basicprinciple hereis that
registeredmageswhich arecapturedwith differentexposuresare
fusedinto a single HDR image [Burt and Kolczynski 1993; De-
bevecandMalik 1997]. This canbe doneusingbeamsplittersand
projectingthe resultingimage copiesto multiple imagedetectors
with presetdifferentexposuregSaito 1995]. In the solutionswith
a singleimage detectoy samplingin the exposuredomainis per
formedat the expenseof eitherspatialor temporalresolution. For
examplepixels canbe exposeddifferently by placinga x ed mask
[NayarandMitsunaga 2000]or anadaptve light modulatofNayar
andBranzoi2003]with spatiallyvaryingtransparencieadjacento
theimagedetectorarray In thetemporaldomain,the exposurecan
be changedapidly for subsequenframes,which aftertheir regis-
trations(neededo compensatéor cameraandobjectmotion) are
fusedtogethelinto HDR frames[Kang etal. 2003].

Ontheotherendof the HDR imagingpipelinethe problemof dis-
playingimageson deviceswith limited dynamicrangearises.The
HDR datacompressiotior accommodatinghe rangelimitationsis
calledtonemapping(referto a recentsurey on tone mappingal-
gorithms[Devlin et al. 2002]). Simpletone mappingalgorithms,
which do not analyzelocal image contentbut insteadapply the
sametonereproductioncurve globally for all pixels, caneasilybe
performedin real-timeon modernCPUs[Kang et al. 2003; Drago
et al. 2003]. Even more advancedalgorithmsinvolving different
processingwhich mightdependn localimagecontentcanbe ex-
ecutedat video ratesusingmoderngraphicshardware [Goodnight
etal. 2003]. For sequencewith rapid changesn scenentensity
the temporalresponseof the humanvisual system(HVS) should
be modeled. Modelsof dark andlight adaptatior{Ferwerdaet al.
1996] have alreadybeenincorporatednto globaltonemappingal-
gorithms[Pattanaiketal. 2000;DurandandDorsey 2000],but sim-
ilar extensiondor local methodsemainto bedone(at presenbpnly



8-bit HDR
RGB g XYZ bitstream
inter-frame DCT quantized
Color Space YCrCb Motion Estimation differences Discrete Cosine blocks Quantizati DCT blocks Variable Length
- - uantization >
Transformation Lpu'v’ and Compensation o Transform o o Coding
Hybrid Luminance
v edge blocks Run-length
and Frequency Space T . Coding
Coding

Figure2: Simpli ed pipelinefor the standardMPEG video encoding(black) and proposedextensiong(blue anditalic) for encodinghigh-
dynamicrangevideo. Notethatedge blocksareencodedogethemwith DCT datain theHDR o w.

staticimagesarehandledby thesemethods) It shouldbenotedthat
thechoiceof anappropriateéonemappingalgorithmandits param-
etermay dependnot only on a particularapplication,but alsoon
the type of display device (projector plasma,CRT, LCD) andits
characteristicssuchasreproducednaximumecontrast,luminance
range,and gammacorrection. Also, the level of surroundlumi-
nance which decidesuponthe HVS adaptatiorstateandeffective
contraston the display screenjis importantin this context [Ferw-
erdaet al. 1996; CIE 1981]. This meansthat the visual quality
of displayedcontentcanbe seriouslydegradedwhenalreadytone
mappedmagesandvideo arestored/transmittedithout ary prior
knowledge of their actualdisplay conditions. The importanceof
HDR datahasthereforencreaseaigni cantly, andit will continue
to increaseasdisplayscoveringaluminancerangeof 0.01-10,000
cd=? becomeavailable[Seetzeretal. 2004].

An importantproblemis HDR image encoding,which for stor
ageandtransmissioref ciency usuallyreliesontheluminanceand
color gamut quantization. While a numberof successfukncod-
ingsfor still HDR imageshave beendevelopedWardLarson1998;
Bogartetal. 2003],no ef cient inter-frameencodingof HDR video
hasbeenproposedsofar. Thiswork is anattemptto Il this gap.
We chosethe MPEG-4 standardas our framevork for the HDR
videoencoding.This allowed usto exploit all the strengthf this
well-establishedstandard as well as making our implementation
moresimple. In thefuturethis mayalsoleadto backward compat-
ibility betweenlow- andhigh-dynamicrangecontents.A number
of MPEG-4extensionsareneededo accommodat¢iDR data. To
obtainvisually losslesencodingwe introducea novel HDR lumi-
nanceguantizatiorschemen whichthequantizatiorerrorsarekept
belav the just noticeablethresholdvaluesimposedby the HVS.
This alsorequiresextendingMPEG-4datastructurefrom 8 to 11
bits. Additionally we introduceanef cient codingscheméor dis-
cretecosinetransform(DCT) blockswith high contrastsAlso, we
investicatethe applicability of standardMPEG-4weightingmatri-
ces(usedfor the DCT quantizationand tunedfor typical display
luminanceranges)in the context of HDR datacompression.We
usegraphicshardwareto supportHDR video decodingtonemap-
ping, andon-the- y effects,which rely on HDR pixel information
suchasglare,light anddarkadaptationandmotionblur.

The remainderof the paperis organizedasfollows. In Section2
we briey discussthe MPEG-4 standardand we proposeexten-
sionsneededo accommodatéhe HDR data. Section3 provides
someimplementationdetailsconcerningour HDR video encoder
andplayer In Section4 we discussthe compressiorperformance
resultsandwe describea client sidepost-processingf HDR video
including real-timerenderingof specialeffectsandtonemapping.
SinceHDR videois not well establishedin Section5 we discuss
someof its possibleapplicationsin the context of techniquegre-
sentedn 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 compressiomrmethodoften
dependsn the application,we focuson a generalencodingalgo-
rithm thatis effective for storage/transmissicfutilizesinter-frame
compressiongndat the sametime doesnot introducepercevable
artifacts(is visually lossless) Moreover, we do not considemulti-
passapproachesyherethe encodingis adaptvely tunedfor video
contentssincethosewould limit possibleapplicationge.g. areal-
time video captureandencodingis possibleonly in a single-pass).
As a framevork for HDR video encodingwe selectedhe MPEG-
4 standardwhich is state-of-the-arin generalvideo encodingfor
low dynamicrange(LDR) video. Recentstudiesdemonstrateéhat
wavelettransformsaxtendednto thetemporaldomainandcoupled
with motion predictioncanalso be successfullyappliedfor LDR
video compressior(e.g. [Shenand Delp 1999]), but no wavelet-
basedstandardutilizing inter-frame compressiorhasbeenestab-
lishedsofar.

Thescopeof requiredchangeso MPEG-4encodings surprisingly
modest. Figure 2 shows a simpli ed pipeline of MPEG-4 encod-
ing, togetherwith proposedextensions. A standardPEG-4 en-
codertakesasaninputthree8-bit RGB color channelsvhereaour
encoderusesHDR XYZ color spacesinceit canrepresenthefull
colorgamutandthecompleterangeof luminancetheeye canadapt
to. To improve the compressiomatio, the MPEG-4encodettrans-
formsRGB datato theYCgCy, colorspace Ourencodestorescolor
informationusinga perceptuallyinearu3®color spacejn asimilar
way asit is realizedin the LogLuv imageencoding/Ward Larson
1998]. ThecolorspacailPofferssimilarcompressioperformance
asYCgCr andcanrepresenthe completecolor gamut[Nadenau
2000]. Furthermorean 8-bit encodingof u4° valuesdoesnot in-
troducepercevable artifacts as the quantizationerror is belov a
JustNoticeableDifferencefor a skilled obserer [Hunt 1995,Sec-
tion 8.6]. Real-world luminancevaluesare mappedo 11-bitinte-
gersusing a perceptuallyconserative function, which we derive
in Section2.1. We choosean 11-bit representatiomf luminance
asit turnsout to be both conserative andeasyto introduceto the
existing MPEG-4architecture.

The next stageof MPEG-4 encodinginvolves motion estimation
and compensatiorfrefer to Figure2). Suchinter-framecompres-
sionresultsin signi cant savingsin bit-streamsizeandcanbe eas-
ily adaptedto HDR data. After the motion compensatiorstage,
inter-framedifferencesaretransformedo afrequeny spaceby the

DiscreteCosineTransform(DCT). The frequeng spaceoffers a

more compactrepresentatiorf video and allows perceptualpro-

cessing.

A perceptuallymotivated quantizationof DCT frequeny coef-

cientsis thelossypart of the MPEG-4encodingandthe sourceof
the mostsigni cant bit-streamsizesaving. Althoughthe MPEG-4
standardassume®nly the quantizationof LDR dataof a display
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Figure 3: Shapeof the luminance-to-intgersmappingfunction /
comparedwith a logarithmic compressior{e.g., LogLuv format).
Thefunction/ allocatesmorevaluesto the mesopicandphotopic
rangeswherethe humaneye is the mostsensitve to contrast.

device,in Section2.2we generalizehe quantizatiormethodto the
full rangeof visible luminancein HDR video.

Due to quantizationof DCT coefcients, noisy artifactsmay ap-

pearnearedgesof high-contrasbbjects. While this problemcan
be ngglectedfor LDR data,it posesa signi cant problemfor HDR

video, especiallyfor syntheticsequencesTo alleviatethis, in Sec-
tion 2.3 we proposea hybrid frequeng andluminancespaceen-

coding,wheresharpedgesare encodedseparateliffrom smoothed
DCT data.

In thefollowing sectionsve describeour extensiongo the MPEG-
4 format,whicharerequiredfor ef cient HDR videoencoding.For
detailedinformationonthe MPEG-4encodingeferto thestandard
speci cation[ISO-IEC-14496-21999].

2.1 Perceptual Quantization of Luminance Space

Thekey factorthataffectstheencodingef ciency of HDR imagess
theformatin which luminanceis stored.As visible luminancecan
spanl2-14ordersof magnitudgHood and Finkelstein1986], the
obvious choicewould be encodingluminanceusing oating point
values.Suchanapproactwastakenin the OpenEXR[Bogartetal.

2003] format for still images. Unfortunately oating point values
do not compresswell, so animproved encodingefciency canbe
expectedf integervaluesareused.In this sectionwe proposesuch
aluminance-to-intgersmappingwhichtakesinto accounthelim-

itationsof humanperception.

It is well known thatthe HVS sensitvity dependsstrongly on the
adaptation(background)luminancelevel. The sensitvity is of-

ten measuredn psychoplysical experimentsasthejust noticeable
luminancethresholdDy that can be distinguishedon the uniform

backgroundluminancey [Hood and Finkelstein 1986]. The re-

sultsof suchexperimentsarereportedas contrast versusintensity
cvi(y) = Dy=y or thresholdversusintensitytvi(y) = Dy curves[Fer

werdaetal. 1996;CIE 1981],whicharedifferentrepresentationsf

the samedata. Our goalis to modelaluminance-to-intgersmap-
ping function, so that the quantizationerror is always lower than
thethresholdof percevableluminanceDy.

To nd the bestmappingfunction/ from the luminancespaceY
to our perceptuallyquantizeduminancespacel. p, we startwith an
inversemappingy = y ()

yilp! Y whereLp = [0; 2"t 1] (1)

cd
me
Themaximumguantizatiorerror, dueto roundingto integervalues,
for eachintegerluminancd is givenby

g(l) = maxjy (I+0:5) yD)jjy() y( 05jg (2

We canapproximatehe maximumquantizatiorerrorfrom the Tay-
lor seriesexpansionby
dy (I
e(l) 0:5% 3)
where%}]’— is aderwative of thefunctiony . Wewantto nd sucha
functiony thatthe quantizatiorerror &(l) is lower thanthe max-
imum percevable luminancethresholde(l) tvi(yadam), where

tvi() is a thresholdversusintensityfunction. To changethis in-
equalityto anequality we introduceavariablef 1

o) = tVi(Yagay) 4)
For simplicity we assumevisualadaptatiorto a singlepixel!, thus
yadap[ = y: y(l) (5)

Fromequations3, 4 and5, we canwrite a differentialequation
% =2 f 1 wiy (1)) (6)

Boundaryconditionsfor the above equationaregiven by the min-
imum andmaximumvisible luminancé: y (0) = 10 #cd=m? and
¥ (Imay) = 10%cd=m2, wherelmax= 2" 1 is themaximuminte-
gervaluewe encode Now we cannumericallysolve this two point
boundaryproblemusing for examplethe shootingmethod[Press
etal. 1993]. Thiswaywe nd boththeintegerto-luminancemap-
ping functiony = y (1), aswell asthe variable f. The variable
f indicateshow muchlower thanthetvi() functionthe maximum
guantizatiorerrorsare,or how conserative our mappingis. This
givesus a trade-of betweenthe numberof bits andthe quality of
theluminancemapping.

We experimentedwith two t.v.i. curves: The Visibility Reference
Functionde ned in [CIE 1981]andat.v.i. functionintroducedto
computergraphicsby Ferwerdaet al. [1996]. Althoughthe func-
tion proposedy the CIE standardloesnot shov a discontinuityat
thetransitionbetweerrod andconevision, to solve equation6 we
usedFerwerdas moreconserative t.v.i. function.

Asthefunctiony is strictly monotonicareversefunctionl = [ (y)
canbefoundaswell. Thereversefunction/ for 11-bitluminance
codingis plottedin Figure3. A similar functionto /I but with no
constrainton the quantizatiorerrors,calledthe capacityfunction,
wasderivedin the contet of tonemappingby Ashikhmin[2002].
A naturalrepresentatiomf y (I) is a lookup table asthe number

1Therearesigni cant agumentsin psychoplysical literaturefor local-
ized adaptatiorof the humaneye [Shaple and Enroth-Cugell1984]. Al-
thoughthe eye doesnot adaptto the areaof a singlepixel, suchanassump-
tion is oftentaken[Daly 1993;Sezaretal. 1987]. In termsof quantization
this is a conserative assumptioraswell becausehe thresholdluminance
for the pixel shouldbe the lowestwhenthe eye is adaptedto that pixel
[Nadenaw2000,Section2.6.2].

2Somesourcesuggesthe minimum level of adaptatiorat 10 ©cd=m?.
However it is dif cult to achieve suchanadaptatioreven underlaboratory
conditions[Hood and Finkelstein1986]. Thereforeexperimentaldatais
usuallymissingfor suchsmallluminanceevels. The contrastversusinten-
sity curve in Figure4 shows a percevablethresholdover 1,000%for thelu-
minanceof 10 4cd=m?. This meanghatluminancebelow thatvaluedoes
not containary meaningfulinformation that shouldbe encodedin HDR
video.



# of bitsto encodduminance | 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%
11 bits 13.26 0% 0%

Table 1: Precisionof the luminance-to-intgers mappingfor in-
creasinghumberof bits usedto encodduminance.Value f = 1:67
meansthat the maxipiumquantizationerror of ary mappedumi-

nancey equalst‘l’:ig? ch for 8 bits andis twice reducedwith ev-

ery additionalbit. Two rightmostcolumnscontaintheresponsesf

theVisual DifferencePredicatorfor severalquantizedramestaken

from differentanimations.The percentvaluesdenoterelative area
of theimagefor which artifactswill bevisible with the probability
P greaterthan0.75and0.95.

of discretevaluesis usuallybelov severalthousandBinary search
canbeusedto nd valuesof theinversefunction/ (y). Alternately
ananalyticfunctioncanbe tted to thedata.

Table 1 shaws the valuesof the f variablefor a differentnumber
of bits usedfor luminanceencoding. Surprisingly 8-bit encoding
seemdo guaranteeisually losslessjuantizationof high dynamic
rangeluminance! Sucha low numberof requiredbits canbe ex-
plainedby the shapeof the c.vi. curwe, which givesthe lowest
contrastdetectionof 6% (seeFigure4), while the thresholdof 1%
is usuallyassumedn theimageprocessinditerature[Sezanet al.
1987]. Thiscomedromthefactthatc.v.i. functionshave beermea-
suredfor a particularstimulus(usuallya rounddisk on a uniform
background)andthusthe thresholdsmay not be directly applica-
ble to complex stimuli like video. We suggesthat the thresholds
of the c.vi. functionsshouldbe loweredby a constantvalue, so
thatthey arebelov 1% for the photopicconditions. This way the
c.v.i cunvesstill predictlossof sensitvity for low luminancelevels

andthethresholdsare consistentvith imageprocessingtandards.

Suchconserative assumption®n the visibility thresholdsaremet
if 10 or morebits areusedto encodduminance.Theresultsof the
Visible DifferencePredicatofDaly 1993](Tablel) furthercon rm
thata 10-bit quantizatiordoesnotresultin visible artifacts.

Theproblemof perception-baseithagedataquantizatiorthatmin-
imizescontouringartifactshasbeenextensvely studiedin theliter-
ature[Sezanretal. 1987;Lubin andPical1991]but mostlyfor LDR
imaging.A simplermappingfunctionfor HDR imageghantheone
derived above is usedin the LogLuv format [Ward Larson1998].
LogLuv usesalogarithmicfunctionto mapfrom luminancevalues
to 15-bitintegers. The quantizatiorerror of suchmappingagainst
arangeof visible luminances shaovn in Figure4. For comparison,
afunctionof maximumpercevableluminancecontrastat a partic-
ular adaptationluminance(c.v.i.) wasplottedin the same gure.
Ward's mappingfunctionis well alignedto thec.v.i. curve athigh
luminancevalues.However, thelogarithmicmappingis too conser
vative for scotopicandmesopiaonditions.As aresult,asigni cant
amounbf bitsis wastedo encodesmallcontrasthangestlow lu-
minancewhich arenotvisible to the humanobserer. We propose
amoreeffective mappingfrom luminanceto discretevalueswhich
is in abetteragreementvith humanperception.

Thebestquantizatioraccurag canbeexpectedor thoseHDR data,
which are calibratedin termsof luminancevalues. Even a rough
calibrationis sufcient for the 11-bit encoding,which ascanbe
seenin Figure 4 leadsto conserative valuesfor the percevable
contrasthreshold.For non-calibratedlata,it is expectedthatprior
to the encodingstepa multiplier valueis setby the userfor each
videosequencé¢o adjustits pixel valuesto areasonabléuminance
range.

2 T T T T T
C.V.i.
4 1 11 bit percep. mapping———
©
£ 16 bit half
grr -
€
8 2 .
(@)
o
3 TNV AN NN AN AV AN AN

4 | | | | |
4 2 0 2 4 6 8

log adapting luminance—

Figure4: Quantizationerror of popularluminanceencodingfor-

matscomparedvith Ferwerdas contrastversusintensity function

(c.vi). 11-bit perceptualmappingrefersto the mappingfunction

| derived in Section2.1. 32-bit LogLuv denotes15-bit encod-
ing of luminanceusedin the LogLuv TIFF format [Ward Larson
1998]. RGBErefersto theRadiancdormat[Ward 1991]and16-bit

half denotesl6-bit oat encodingusedin OpenEXR[Bogartetal.

2003]. The edgy shapeof both RGBE and 16-bit half is caused
by roundingthe mantissa. Unlike otherfunctions,a curve of the
proposegerceptuamappingis alignedto thethresholdf visible

contrast(t.v.i.) for thefull rangeof visible luminance.The y-axis
canbeinterpretecbothasthelowestpercevablecontras{about6%

for thec.v.i. at 100cd=m?) andmaximumgquantizatiorerror.

2.2 Quantization of Frequency Components

In the previous sectionwe derived a perceptuabjuantizationstrat-
egy for luminancevalues.Suchaquantizatiordepend®nthe HVS
responsdo contrastat differentillumination levels. However, the
loss of informationin the humaneye is limited not only by the
thresholdsof luminancecontrastout alsoby the spatialcon gura-
tion of imagepatterns(visual masking)[Daly 1993]. To take full
adwantageof thoseHVS characteristicSMPEG encodersapply the
DCT to each8 8 pixel block of animage. TheneachDCT fre-
queng coefcient is quantizedseparatelywith the precisionthat
depend®nthespatialfrequeny it representsiAs we arelesssensi-
tive to highfrequenciegvanNesandBouman1967],largerlossof
informationfor high frequeng coefcients is allowed. In this sec-
tion we shav thatthe MPEG-4quantizatiorstratgy for frequeng
coefcients canbeappliedto HDR data.

In MPEG encodersthe quantizationof frequeng coefcients is
determinedy aquantizatiorscaleq, ., andaweightingmatrixW.

Frequeny coefcients F arechangednto quantizectoefcients F
usingtheformula
" #
E= T here j=1:8 @)
1 Vvi;i Oscale
Thebracletsdenoteroundingto the nearestntegerandi; j arein-
dicesof the DCT frequeng bandcoefcients. Theweightingma-
trix W usually remainsunchangedor whole video or a group of
framesandonly thecoefcient g, is usedto controlquality and
bit-rate. Notethattheabove quantizatiorcanintroducenoisein the
signalthatis lessthanhalf of thedenominatolr/\/i;j Oscake:

Both our HDR perceptuallyguantizedspacel p (Section2.1) and



I:l Standard DCT coding Hybrid coding

Figure5: Quality comparisorof the standardDCT coding of the
blockandourhybrid frequeng andluminancespacecoding.Quan-
tized DCT blocksshaw artifactsat sharpedgeswhich arenot visi-
ble for the hybrid encoding.The hybrid encodingncreasedizeof
thebit-streamby 7%.

the gammacorrectedYCgCy spaceof LDR pixel valuesare ap-
proximatelyperceptuallyuniform [Nadenau2000, Section7.2.2].
In otherwords,the sameamountof noiseresultsin the samevisi-
ble artifactsregardlessof the backgrounduminance. If quantiza-
tion addsnoiseto the signalthatis lessthanhalf of the denomina-
tor of equation?, quantizingfrequeng coefcients usingthe same
weightingmatrix W in both spacesntroducesartifacts,which dif-
fer betweenthosespacesy a roughly constantfactor Therefore
to achieve the samevisibility of noisein the HDR spaceasin LDR
spacethe weightingmatrix W shouldbe multiplied by a constant
value. This canbeachiezed by settinga propervalueof the coef-
cientdg -

Thedefaultweightingmatricescurrentlyusedn MPEG-4for quan-
tization [ISO-IEC-14496-21999, Section6.3.3] aretunedfor typ-

ical CRT/LCD displayconditionsandluminanceadaptatiorevels

around30-100cd=nr.. Contrastsensitvity studies[Van Nesand
Bouman1967] demonstratehat the HVS is the mostsensitve in

suchconditionsandthe correspondinghresholdvaluesessentially
remainunchangedcrossall higherluminanceadaptatiorvalues.
Ontheotherhand thethresholdvaluessigni cantly increasdor the

lowerluminanceadaptionievels. ThismeanghatMPEG-4weight-

ing matricesare conserative for HDR data. More effective and
still conserative quantizationcanbe expectedif separateveight-
ing matricesareusedfor lower luminanceevels. However, thisre-

quiresadditionalstorageoverhead asupdatedmatriceshave to be
encodedwithin the stream. Moreover, suchadaptve quantization
requiresmulti-passencodingwhich restrictspossibleapplications.
Anothersolutionis pre ltering of input imagesto remove imper

ceptiblespatio-temporafrequenciegBorder and Guillotel 2000].

In this work we do notinvesticatethoseapproacheandwe always
usea singleweightingmatrix.

2.3 Hybrid Frequency/ Luminance Space Encoding

In theprevioussectionwe shavedthatthe quantizatiorof DCT co-
ef cients canbe safelyappliedto the perceptuallyquantizedHDR

spacethusgreatlyreducingthe size of the video stream.Unfortu-
natelythe DCT is not always an optimal representatioior HDR

data. HDR imagescan containsharptransitionsfrom low to ex-

tremely high luminancevalues,for exampleat the edgesof light

sources.Information aboutsharpedgesis encodednto high fre-

queny DCT coefcients, which are coarselyquantized. This re-
sultsin visible noisy artifactsaroundedgesascanbe seenin Fig-

ure5. Thisis especiallypronouncedn thecaseof synthetiamages,
which oftencontainsharpluminancetransitionshbetweemeighbor

ing pixels. To solve this problemwe proposea hybrid encoding,
which storesseparatelyow-frequeng datain DCT blocksandele-
vationof sharpedgesn “edgeblocks”.
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Figure6: Decompositiorof a signalinto sharpedgeandsmoothed
signals.
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Figure7: Stepsof a hybrid frequeng andluminancespacecoding
of asingle8 8block. Blue insetsontheleft shov a cross-section
of the rst row (aandb) andthe rst column(c andd) of theblock
values. Note how the curves are smoothedas edgesare removed
from the block, resultingin lower valuesfor the high frequeng
DCT coefcients. Seetext for detaileddescription.

Figure6 illustrateshow, in caseof 1D data,input luminancethat
containsa sharpedgecanbe splitinto two signals:Onepiece-wise
constanthat containsthe sharpedgealoneandanotherthatholds
slowly changingvalues. The original signalcanbe reconstructed
from thosetwo signals. Due to the fact that sharpedgesoccurin
sequenceselatively infrequently the signal that storesthem can
be effectively encoded The secondsignalno longercontaindarge
valuesof high frequeny coefcients andcanbetransformednto a
compactDCT representation.

A processof hybrid encodingof a single8 8 block is shavn
in Figure 7. The original block (7a) containsa part of a stained
glassfrom the “Memaorial Church”HDR image[DeberecandMa-
lik 1997]. To isolatesharpedgesfrom the rows of this block, we
useasimplelocalcriterion: If two consecutie pixelsin arow differ
by morethana certainthreshold(discussedn the next paragraph),
they areconsideredo form anedge.ln suchcasethedifferencebe-
tweenthosepixelsis subtractedrom all pixelsin therow, starting
from thesecondixel of thatpairupto theright borderof theblock.
Thedifferencdtselfis storedin theedgeblock atthepositionof the
secondpixel of thatpair. The algorithmis repeatedor all 8 rows
of theblock. This stepis showvn in Figure7h. After the rows have
beensmoothedthey canbetransformedo DCT spacgFigure7c).
Due to the fact that the smoothedand transformedrows contain
large valuesonly for the DC frequeng coefcients, only the rst
columncontainingthosecoefcients hasto besmoothedn orderto
eliminatesharpedgesalongthe vertical direction. We procesghat
columnin the sameway asthe rows and placeresulting“edges”
in the rst columnof the edgeblock (Figure 7d). Finally, we can



qscale | 1-5 | 6 ‘ 7 ‘ 8 ‘ 9-31 |
Thresholdnter nfa | 936 | 794 | 531 186
Thresholdntra n/a nfa | 919 | 531 186

Table 2: Thresholdcontrastvaluesof a sharpedgeabose which
artifactscausedoy DCT quantizationcanbe seen.The valuescan
be usedto decidewhethera sharpedgeshouldbe codedin a sepa-
rateedgeblock. Thethresholdsaregivenfor differentcompression
quality factorsq,.,, andfor bothintra- andinterencodedrames
(sinceMPEG-4usedifferentweightingmatriceso quantizeintra-
andinterencodedrames). Notethatfor q .. 5 noisy artifacts
arenotvisible andno hybrid encodings necessaty

applyavertical DCT (Figure7e).

Mostof thevaluesof theresultingedgeblocksareequalto zeroand
canbecompressedsingarun-lengthencoding However, because
thisis still moreexpensve in termsof bit-ratethanencodingDCT
blocksalone,only the edgeshatarethe sourceof visible artifacts
shouldbe codedseparatelyn edgeblocks. Thethresholdcontrast
valuethatanedgemustexceedto causevisible artifactsdependsn
themaximumerrorof thequantizatior(referto Section2.2)andcan
be estimatedTable2 shaws suchthresholdfor MPEG-4standard
quantizatiomatricesand11-bitencodeduminancen theL , space
(referto Section2.1). Thethresholdsverefoundfor an estimated
quantizatiorerrorgreaterthanl JustNoticeableDifference(JND),
wherel JND equalsl3.26unitsof theL p spacgseeTablel). Note
thatthelowestthresholdequalsl86,which correspondso thelocal
luminancecontrastl:30for mesopicandl:5for photopicrange(see
Figure3). Becausesuchhigh contrasbetweemeighbouringixels
rarely occursin low dynamicrangeimages,hybrid coding shavs
visible improvementof quality for high contrastHDR video.

Theproposedybrid block codingimproved quality of encodedse-
guencesat the costof a larger bit-stream(seeFigure5). The ar
tifactsthat the hybrid coding can eliminate are mostly visible in
syntheticand non-photorealistitmages,sincethoseoften contain
smoothsurfacesthat do not masknoise. Such artifacts can not
be eliminatedin post-processindik e blocky artifactsof the DCT.
The hybrid coding gives additionally more localized control over
the quality thanq,,,. factor This way, it is possibleto remaove
salienthigh frequeng artifactswhile the overall quality is keptthe
same. Although the hybrid encodingis not strictly necessaryo
encodeHDR video, it solvesthe problemof encodinghigh values
of frequeng coefcients, which would otherwiserequireextended
variable-lengthcoding tables. We noticedthat using the standard
MPEG-4variable-lengtrcodingof AC coefcients is sufcient for
HDR videowhenthe hybrid block codingis used.

3 Implementation

In this sectionwe outlinetechnicaldetailsof ourimplementatiorof
HDR compressiomndplayback.

OurHDR encodel decodeis basecbntheXviD library®, whichis
anopensourcemplementatiorof the SimplePro le ISOMPEG-4
standardISO-IEC-14496-21999]. We extendedthis implementa-
tion to supportan encodingof DCT coefcients using morethan
8-bitspercolor channe(NoT_8_81T). Thislet usencodeperceptu-
ally quantizeduminance(Lp, referto Section2.1) representeds
11-bitintegers. Thetwo color channelsi3Laresub-sampletb half
of theresolutionof the originalimageandencodedwith 8-bit pre-
cision. Thehybrid encodingreferto Section2.3)is appliedonly to

3XviD projecthomepage:http://wwwxvid.org

theluminancechannel. The edgeblocksareencodedn the video
streamtogetherwith DCT blocks. To reduceimpacton the stream
size,only thoseedgeblocks are encodedhat are not empty (less
than7% for ourtestsequences).

To playbackan HDR video we createda playercapableof decod-
ing, tone mapping,and applying post-processin@ffectsin real-
time. To achieve suchperformanceve hadto overcomethe bottle-
neckproblemof CPU-to-GPUmemorytransfer A naive approach
wouldbetransferringHDR framegto the GPUas16-or 32-bit oat-
ing point RGB textures. Insteadwe senddatain the Lpu%oformat
(11-,8-,8-bit,refer to the previous paragraph).The Lpu(\lo format
givesa gain of 20-40%of atexture sizewithout ary visible degra-
dationof quality. Color conversionfrom the Lpu(\/oto RGB format
is implementeceffectively usingfragmentshadersandthuslower-
ing CPUloadon MPEGdecoding.

To tonemapframeswe emplo/ed a simplelookuptableapproach.
Becausehe numberof possiblevaluesof the quantizeduminance
Lp is small(2048for 11bits),wetonemaponly correspondingeal-

world luminancevaluesandsendthemto the graphicshardwareas

a 1D texture. We later usedependentexture lookupsto nd the

valuesof tonemappedpixels. Tonemappingparameterandcom-

putationallyexpensve variables|ik e logarithmicmeanluminance,
are provided within the bit-streamas an annotationscript. In this

way ary globaltonemappingoperatorcanbe implementedwvith a

mauginal effect on performance On a PentiumlV 2.4GHzproces-
sorandanATI Fire GL X1 graphiccardwe wereableto decodeand

displayabout30framespersecondor asequencef theresolution
640 480.

4 Applications and Results

In ourexperimentsith HDR videoencodingandplaybackwve used
computergraphicsanimations panoramidmages,andvideo cap-
turedusingspecializedHDR camerasThe OFFICE sequencés an
exampleof indoorarchitecturalvalkthroughrenderedisingglobal
illumination softwarewith signi cant changeof illumination lev-
elsbetweerrooms(Figure10). The camergpanningwassimulated
for the CAFETERIA panoramabtainedusinga SpheronPanoCam
cameraThescenecontainsbothadim cafeterianteriorandawin-
dow view in a sunry day (Figure8). To capturenaturalgrayscale
sequencesve useda Silicon Vision Lars Ill HDR video camera,
which returnedinearradiancevalues.The LIGHT sequencshavs
adirectview of halogenlamp which illuminatesobjectswith dif-
ferentre ectancecharacteristicgFigure9).

Aswediscusseih Section2.1,our perceptuatjuantizatiorstratey
for luminancevaluesperformsthe bestfor HDR videocalibratedn
termsof luminancevalues. Suchcalibrateddataare immediately
availablefor our computeranimationgesultingfrom the globalil-
lumination computation. We also performeda calibrationproce-
durefor the Lars Il HDR video camerausinga KodakGrayCard
with 80%re ectance.Fortheremainingvideomaterialwe assigned
acommonsensduminancdevel for selectedscenaegionsandwe
thenrescaledll pixel intensitiesaccordingly

4.1 HDR Encoding Performance

To give anoverview of the capabilitiesof the proposedHDR video
encoding,we comparedts compressiomatio with state-of-theart
LDR videocompressiomndexisting 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
orrice hq 0.54| 0.27| 1.00 | 0.51 | 32.17 | 16.27
Orrice Iq 0.51| 0.05| 1.00 | 0.10
LieHT hq 056 | 0.71| 1.00 | 1.25 | 22.56 | 28.25
LiehT Iq 0.57 | 0.10| 1.00 | 0.18
careteria hq | 0.63 | 0.12 | 1.00 | 0.19 | 142.58 | 27.40
careterialg | 0.54 | 0.05 | 1.00 | 0.09

Table3: Comparisorof compressiomperformancef LDR MPEG-
4, the proposedHDR encodingandthe OpenEXRformat. "ratio”
is a relative bit-streamsize increaseor decreaseomparedo our
encoding.”bpp” denoteits per pixel. “hq” and“lq” next to the
video clip namemeanshigh quality andlow quality respectiely.
Thereareemptyentriesfor low quality OpenEXRbecaus¢his for-
mat doesnot supportlossy compression.The proposedHDR en-
codinggivesabouthalf of the compressiomatio of MPEG-4.High
compressiogain of MPEG-4andHDR encodingfor the CAFETE-
RIA videoclip canbe explainedby ef cient motion compensation
in camergpanning.

suchcomparisorcangive a generalnotion of the additionalover-
headrequiredto storeHDR data. To comparethe performanceof
LDR andHDR encodinggachtestsequenca&vascompressedsing
our HDR encoderdecompresse@ndtonemappedo LDR format.
Thenthe samesequenceavas tone mapped,encodedo MPEG-4
usingthe FFMPEG* encoderand decoded. The quality of the re-
sulting framesfrom both LDR andHDR encodingwas measured
usingthe UniversalQuality Index [WangandBovik 2002], which
givesmorereliablequality measurehanPSNR.Next, we matched
pairsof LDR andHDR streamghathadasimilarqualityindex, and
comparedheir sizes.Theresultsareshavn in Table3.

The OpenEXRformatoffers nearlylosslessencoding(up to quan-
tizationprecisionof 16-bit oating pointnumbersyandintra-frame
compressioni.e., eachframeis compressedeparately The per

formanceof suchcompressiortanbe expectedto be below thatof

inter-frameDCT basecdencodingusedn ourencoderHowever, the
OpenEXRformatis commonlyusedfor storinganimationframes
andwe decidedto includeit in the performancesummaryin Ta-
ble 3.

4.2 HDR Video Player

In orderto bene t from HDR information encodedin our video
streamwe have developeda video playerwith extendedcapabili-
ties. The new functionality includesa corvenientdynamicrange
explorationtool, tonemappingwith adaptatiorto differentviewing
conditionsand display devices, and a client side post processing.
Webrie y describeeachof theseextensions.

A dynamicrangedataexplorationtool allows the userto view a
selectedangeof luminancein arectangulamwindow displayedon

top of thevideo(seeFigures8-10). Theusercanmaove thewindow

interactively and choosewhat part of a dynamicrangeshouldbe
mappedinearly to thedisplayfor closerinspection As thesmaller
rangeof luminanceis chosenthe tool canreveal quantizationar-

tifacts,especiallyin darker regionsof the scene.This is a correct
side-efect of our compressiorbecausduminanceis mappedo a
nite numberof integervalues.Note however thatthe quantization
artifactsarealwaysbelov thethresholdthatcanbe seenin thereal
world by thehumaneye.

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

Figure 8: CAFETERIA sequence, dynamic range 1.9
3:6[logcd=n]. Thebackgroundrameis clampedto a displayable
range.Ourdynamicrangeexplorationtool, visible astwo windows,
shavs aluminancerange 1:0 1:0[logcd=m?] (lower right) anda
high luminancerange1:0 3:0[logcd=n"] (upperleft). Detailsin
thesewindows arenotvisible in LDR video. The sourcepanorama
courtesyof Spheronjnc.

Most of the tone mappingoperatorshave oneor more parameters
thatcanbetunedby the userto matchheror his taste.As we have
sourceHDR dataavailable,we cangive theuserfreedonto control
thoseparameter®n the y . The usercanswitchto differenttone
mappingoperatorsaswell. Alternatively, avideostreamcanbeac-
companiedvith an annotationscript, which containsthe besttone
mappingandits parameterfor eachsceneshot.In ourvideoplayer
we implementedhe logarithmic mapping[Drago et al. 2003], the
global versionof photographidone reproduction[Reinhardet al.
2002],andtheperceptiorinspiredtonemappingintroduceddy Pat-
tanaiket al. [2000]. Thesealgorithmsareextendedwith the simu-
lation of thetemporaladaptatioomechanismasdescribedn Ferw-
erdaetal. [1996]andPattanaiketal. [2000]. Theresultof thelatter
algorithmwith additionalpost-processin§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-
sentatiorparameterto ary existingor futuredisplaydevice. A tone
mappingoperatorwith an inversedisplay model[Pattanaiket al.
2000]wasusedin our playerfor suchdevice dependentuning.

An HDR video streamwith realworld luminancevaluesmalesit
possibleto add client-sidepost-processingyvhich accuratelysim-
ulatesthe limitations of humanvisual perceptionor video cam-
eras. The ltering of the LDR streammay not give a corvinc-
ing result due to the lack of crucial luminanceinformation. In
our video player we implementeda night vision post-processing
[Thomsporetal. 2002]andveiling luminanceeffect[Spenceetal.
1995;WardLarsonetal. 1997]. Theresultof the rst oneis visible
in Figure10. Dueto very low level of luminancein the of ce, the
sceneis displayedwith desaturatedolorsanda bluish cast,i.e.,
theway it would be perceved by the humaneye. Notice however,
thattheinformationonthecorrectcolorandluminancerangeis still
available,andcanberevealedusingthe dynamicrangeexploration
tool.



Figure9: LIGHT sequenceapturedwith the HDR video camera,
dynamicrange0:3 4:9[logcd=m?]. Details of the halogenbulb
arewell presered despitehigh luminances. The visible rangein
explorationtool window is 2:9  4:9[logcd=m?].

5 Discussion

AlthoughtheHDR videohasnotbeenwell establishedofar, mary
practicalapplicationsvould bene t greatlyby providing morepre-
cise, possiblycalibratedstreamsof temporallycoherentdata. Our
HDR video encodingrelieson insensitvities of the HVS in terms
of luminanceandcontrasperceptionandthereforet is appropriate
for all thoseapplicationsvhosegoalis to reproducgheappearance
of imagesas perceved by the humanobsenrer in the real world.
This assumptiormatcheswell to suchapplicationsasrealisticim-
agesynthesign computergraphics digital cinematograpyy docu-
mentingreality, tele-medicineandsomeaspect®f suneillance.

For mary applicationslinear HDR dataencodingis possiblyre-
quired (e.g.,dynamicHDR ernvironmentmapsusedfor scenere-
lighting in computergraphics).Linear or logarithmic HDR video
encodingmightbedesirabldn remotesensingspacaesearchand
typical computervision applicationssuchasmonitoring, tracking,
recognition,andnavigation. For suchapplicationsour perception-
baseduminanceguantizatioralgorithm(Section2.1)is lessuseful
while high-contrasDCT encoding(Section2.3) might be still ap-
plicable.

For otherapplications customquantizationalgorithmscanbe re-
quired,for exampleto matchsensorcharacteristicsisedto acquire
HDR datain medicalapplications.In sucha caseour approacho
guantizationSection2.1) canbe easilyadapted.

Notethatthoughtheoriginal purposeof ourluminanceguantization
is encodingHDR video, the proposeduminance-to-intger map-
ping function can be usedfor staticimagesaswell. Also, in the
contet of globaltonemappingalgorithmsour quantizatiorscheme
leadsto a smalllookuptable,which canbe appliedin ary applica-
tion thatrequiresthe perceptuamatchbetweenthe appearancef
realworld scenesanddisplayedimages. Thereis no needto per
form tonemappingin the continuouduminancespacesincelumi-
nancevaluesdiffering lessthanthe quantizationerrorin our lumi-
nanceencodingcannotbe percevedaryway. Thensuchluminance
differencesshouldnot bevisible in thetonemappedmageaswell
[Ferwerdaetal. 1996;WardLarsonetal. 1997].

Figure 10: OFFICE sequencavith simulatedlow-level lightning,
dynamicrange 4:0 0:2[logcd=m?]. The main frame is tone
mappedusingthe Pattanaiket al. [2000] algorithm. Lack of col-
ors andthe bluish castare dueto the night vision post-processing
asproposeddy Thompsoretal. [2002]. The explorationwindow
revealscolor anddetailsin the 2:2  1:2[logcd=m?] range. The
scenamodelcourtesyof VRA, GmbH.

6 Conclusions

In this paper we have presenteda techniquefor encodinghigh-
dynamicrange (HDR) video, which requiresonly modestexten-
sionsof theMPEG-4compressiostandardThecentralcomponent
of our techniqueis a perception-baseHllDR luminance-to-intger
encodingvhichrequiresonly 10—-11bitsto encodehefull percev-
able luminancerange (12 ordersof magnitude)and ensureghat
the quantizationerror is alwaysbelow visibility thresholds.Also,
we have proposedanef cient schemdor handlingthe DCT blocks
with high contrastinformationby decomposingheminto two lay-
ersof LDR detailsandHDR edgeswhich areseparatelyencoded.
Thesizeof aHDR videostreanencodedy ourtechniquencreases
lessthantwo timeswith respecto its LDR version.

The strengthsof our videoencodingmethodcanbefully exploited
for HDR displays,but our methodcanbe bene cial for LDR dis-
playsaswell. HDR information makesit possibleto adjusttone
mapping parameterdor ary display device and surroundlight-

ing conditions, which improves the video reproductionquality.

Also, usingour luminancequantizationthe overheador arbitrary
global tone mappingis negligible and amountsto the cost of a
smalllookup table computation.We demonstratethat by playing
backHDR video on graphicshardwarethe bandwidthof uploaded
framescanbesigni cantly reducedandmary realisticeffectsrely-

ing on HDR pixels suchasglareand motion blur canbe properly
simulatedonthe y .

As future work we planto investicgatethe useof lessconserative

weighting matrices(refer to Section2.2), which shouldleadto a
bettercompressioffior videoswith scotopidevelsof lighting. Also,

it would beinterestingto apply our luminancequantizatiorfor lo-

caltonemappingin orderto faithfully reproducethelocal contrast
perceptiorof humanobsenrers.



7 Acknowledgments

We would lik e to thank Paul Debesrec and Spheron)nc. for mak-
ing their HDR imagesavailableand JozefZajacfor modelingand
renderingtestsequencesSpecialthanksgo to Volker Blanz, Scott
Daly, Michael GoeseleandJefrey Schoneffor their helpful com-
mentsconcerninghis work. We aregratefulto ChristianFuchsfor
his helpwith theHDR camera.

References

ASHIKHMIN, M. 2002.A tonemappingalgorithmfor highcontrasimages.
In Proc. of the 13th Eurographicsworkshopon Rendering145-156.

BOGART, R., KAINZ, F., AND HESs, D. 2003. OpenEXRimage le
format. In ACM SIGGRAPH2003,Sletches& Applications

BORDER, P., AND GUILLOTEL, P. 2000. PerceptuallyadaptedMIPEG
videoencoding.In IS&T/SPIEConf on Hum.Vis. and Electonic Imag-
ing V, Proc.of SPIE,volume3959,168-175.

BURT, P., AND KoLczYNsKI, R. 1993. Enhancedmagecapturethrough
fusion.In Proc. of InternationalConfeenceon ComputeMsion (ICCV),
173-182.

CIE. 1981. An Analytical Model for Describingthe In uence of Light-
ing Parametes Upon\Visual Performancevol. 1. TechnicaFoundations,
CIE 19/2.1.InternationalOrganizationfor Standardization.

DALY, S. 1993. The Visible DifferencesPredictor: An algorithmfor the
assessmemf image delity . In Digital Image andHumanVision, Cam-
bridge,MA: MIT PressA. Watson Ed.,179-206.

DEBEVEC, P, AND MALIK, J. 1997. Recwering high dynamicrange
radiancemapsfrom photographs. In Proceedingsof SIGGRAPH97,
ComputerGraphicsProceedingsinnual ConferenceSeries 369-378.

DEVLIN, K., CHALMERS, A., WILKIE, A., AND PURGATHOFER, W.
2002. ToneReproductiorandPhysically BasedSpectralRendering.In
Eurographics2002: Stateof the Art Reports Eurographics101-123.

DRAGO, F., MYszkowskKl, K., ANNEN, T., AND CHIBA, N. 2003.Adap-
tive logarithmic mappingfor displayinghigh contrastscenesComputer
GraphicsForum, proceeding®f Eurographics200322, 3, 419-426.

DURAND, F., AND DORSEY, J. 2000. Interactve tonemapping. In Ren-
dering Techniques2000: 11th EurographicsWorkshopon Rendering
219-230.

FERWERDA, J., PATTANAIK, S., SHIRLEY, P.,, AND GREENBERG, D.
1996. A model of visual adaptationfor realisticimage synthesis. In
Proceedingsof SIGGRAPH96, ComputerGraphicsProceedingsAn-
nual ConferenceSeries 249-258.

GOODNIGHT, N., WANG, R., WooLLEY, C., AND HUMPHREYS, G.
2003. Interactive time-dependentone mappingusing programmable
graphicshardware. In RenderingTechniques2003: 14th Eurographics
Symposiunon Rendering26-37.

Hoob, D., AND FINKELSTEIN, M. 1986. Sensitvity to light. In Hand-
bookof Perceptionand HumanPerformance:1. SensoryProcesseand
Perception Wiley, New York, K. Boff, L. Kaufman,andJ. ThomasEds.,
vol. 1.

HUNT, R. 1995. TheRepoductionof Colourin Photagyraphy Printing and
Television: 5th Edition. FountainPress.

1SO-1EC-14496-2. 1999.Informationtechnolagy: Codingof audio-visual
objects,Part 2: Misual InternationalOrganizationfor Standardization,
Genea, Switzerland.

KANG, S., UYTTENDAELE, M., WINDER, S., AND SZELISKI, R. 2003.
High dynamicrangevideo. ACM Transaction®n Graphics22, 3, 319—
325.

LuBIN, J., AND PicA, A. 1991. A non-uniformquantizemrmatchedo the
humanvisual performance.Societyof InformationDisplay Int. Sympo-
siumTedhnical Digestof Papers, 22,619-622.

NADENAU, M. 2000. Integration of Humancolor visionModelsinto High
Quality Image Compession PhD thesis,Ecole Polytechnique-éceral
Lausane.

NAYAR, S., AND BRANZOI, V. 2003. Adaptive dynamicrangeimaging:
Opticalcontrolof pixel exposuresver spaceandtime. In Proc. of IEEE
InternationalConfeenceon Computenision (ICCV 2003) 1168-1175.

NAYAR, S., AND MITSUNAGA, T. 2000. High dynamicrangeimaging:
Spatiallyvarying pixel exposures.In Proc. of IEEE Conf on Computer
\ision and PatternRecanition, 472—-479.

PATTANAIK, S., TUMBLIN, J., YEE, H., AND GREENBERG, D. 2000.
Time-dependenvisual adaptatiorfor realisticimagedisplay In Pro-
ceedingsof ACM SIGGRAPH2000 ComputerGraphicsProceedings,
AnnualConferenceseries 47-54.

PRESS, W., TEUKOLSKY, S., VETTERLING, W., AND FLANNERY, B.
1993. NumericalRecipesn C. CambridgeJniv. Press.

REINHARD, E., STARK, M., SHIRLEY, P., AND FERWERDA, J. 2002.
Photographidonereproductionfor digital images. ACM Transactions
onGraphics21, 3,267-276.

SaiTo, K. 1995. Electronicimagepickup device. JapanesePatent07-
254965

SEETZEN, H., HEIDRICH, W., STUERZLINGER, W., WARD, G., WHITE-
HEAD, L., TRENTACOSTE, M., GHOSH, A., AND VOROZCOVS, A.
2004. High dynamicrangedisplay systems. ACM Transactionson
Graphics23, 3.

SEZAN, M., YIp, K., AND DALY, S. 1987. Uniform perceptuatjuantiza-
tion: Applicationsto digital radiograply. IEEE Transaction®n Systems,
Man, andCyberneticsl7, 4, 622-634.

SHAPLEY, R., AND ENROTH-CUGELL, C. 1984. Visual adaptatiorand
retinalgaincontrols.In Progressin RetinalReseath, Oxford: Pegamon
Pressyol. 3, 263-346.

SHEN, K., AND DELP, E. 1999.Waveletbasedatescalablesideocompres-
sion. |IEEE Transactionson Circuits and Systemsor Video Technolagy
9,1,109-122.

SPENCER, G., SHIRLEY, P., ZIMMERMAN, K., AND GREENBERG, D.
1995. Physically-basedjlareeffectsfor digital images.In Proceedings
of ACM SIGGRAPHD5, 325-334.

THOMSPON, W. B., SHIRLEY, P., AND FERWERDA, J. A. 2002.A spatial
post-processinglgorithmfor imagesof night scenesJournal of Graph-
icsTools7,1,1-12.

VAN NES, F., AND BOUMAN, M. 1967. Spatialmodulationtransferin the
humaneye. Journal of the Optical Societyof America57, 401-406.

WANG, Z., AND BoviK, A. 2002. A universalimagequalityindex. IEEE
SignalProcessind_etters 9, 3, 81-84.

WARD LARSON, G., RUSHMEIER, H., AND PIATKO, C. 1997. A visibil-
ity matchingtonereproductioroperatorfor high dynamicrangescenes.
IEEE Transactionson Misualizationand ComputerGraphics3, 4, 291—
306.

WARD LARSON, G. 1998. Logluv encodingfor full-gamut,high-dynamic
rangeimages.Journal of GraphicsTools 3, 1, 815-30.

WARD, G. 1991.Realpixels. In GraphicsGemdl, J. Arvo, Ed. Academic
Press80-83.



