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Abstract

Moderngraphicsarchitectureshavereplacedstagesof thegraphicspipelinewith fully programmablemodules.
Therefore, it is now possibleto perform fairly general computationon each vertex or fragmentin a scene. In
addition, the nature of the graphicspipelinemakessubstantialcomputationalpoweravailable if the programs
havea suitablestructure. In this paper, weshowthat it is possibleto cleanlymapa state-of-the-arttonemapping
algorithm to the pixel processor. This allows an interactive application to achieve higher levels of realismby
renderingwith physicallybased,unclampedlighting valuesandhigh dynamicrange texture maps.We alsoshow
that the tonemappingoperator can easilybe extendedto includea time-dependentmodel,which is crucial for
interactivebehavior. Finally, wedescribethewaysin which thegraphicshardware limits our ability to compress
dynamicrangeef�ciently, anddiscussmodi�cationsto thealgorithmthat couldalleviatetheseproblems.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.1 [ComputerGraphics]:HardwareArchitecture—
GraphicsProcessorsI.3.3 [ComputerGraphics]:Picture/ImageGeneration—DisplayAlgorithms I.4.8 [Image
ProcessingandComputerVision]: SceneAnalysis—PhotometryI.4.1 [ImageProcessingandComputerVision]:
Enhancement—DigitizationandImageCapture

1. Intr oduction

Dynamic rangeis de�ned as the rangeof light intensities
presentin a scene.In the real world, very large dynamic
rangesare commonplace,sometimesexceedingten orders
of magnitude.It is quiteeasyto producesuchanimageona
computerby usingeithera physically-basedrenderingsys-
temoracombinationof multiplephotographstakenatdiffer-
ent exposures7. However, displayingtheseimagespresents
a challengefor computergraphicssince most output de-
viceshavearelatively smalldisplayabledynamicrange;fre-
quentlyonly integer intensitiesbetween0 and255 areper-
mitted.Thisdisparityhasgivenriseto the�eld of tonemap-
ping, whosebroadgoal is to optimizethemappingfrom an
imagewith a largedynamicrangeto a displaywith a small
dynamicrange.Althoughthealgorithmsusedto achievethis
goalarediverse,they all typically operateasanof�ine pro-
cessratherthanin real-time:a high dynamicrange(HDR)
image is either synthesizedby a renderingsystemor re-
coveredfrom multiple photographs,andthenthetonemap-
pingalgorithmprocessesthatimage,eventuallyproducinga

low dynamicrangeversion.Improvementsin CPUprocess-
ing power have recentlyled to impressive advancementsin
this �eld, producingnearlyartifact-freeimagesthatclosely
mimic thelocaladaptationabilitiesof thehumaneye.

Wehavealsoseenarecentrevolutionin high-performance
graphicsarchitecture.Previously �x ed stagesof the graph-
ics pipeline have beenreplacedwith fully programmable
ones,giving the usercompletecontrol over the processing
of verticesor fragments.The primary purposeof this de-
sign changeis to enablecomplex visual effects in interac-
tive graphicsapplications.Becauseof the streamingnature
of graphicshardware, the graphicsprocessingunit (GPU)
is able to achieve extremely high computationalrates;the
pixel pipelineonNVIDIA'sGeForceFX cardarecapableof
sustaining51GFLOPS24, which is roughly8 timesthecom-
putationalpower of the fastestPentium4 available today.
Very recently, theseprogrammablegraphicspipelinestages
have becomesuf�ciently generalthat non-traditionaltasks
have beenimplementedon the GPU, suchas ray-tracing,
sparsematrix solving, andmotion planning12. Thesealgo-
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rithms perform extremely well on the GPU becausethey
areableto take advantageof theparallelismavailablein the
pixel-processingportionof thepipeline.

In this paper, we explore the potential for using this
programmabilityto addreal-timetonemappingto interac-
tivegraphicsapplications.Thisallowsasubstantialincrease
in �e xibility of applicationdesignandbringsconsiderable
addedrealismto interactive visual simulation.Becauseof
theenormouscomputationalpower presentin theGPU,we
havebeenableto implementastate-of-the-arttonemapping
algorithmat interactive rates.In our experiments,we found
thatsomealgorithmsarebettersuitedto implementationon
a GPU thanothers.In particular, the photography-inspired
techniquesof Reinhardet al.27 areespeciallywell-suitedto
an interactive GPU implementation;we will describeour
implementationin detail.We will alsodescribeanalternate
algorithmfor computingphotographiczonesthat produces
qualitatively similar resultsbut is muchmoreamenableto a
fragmentprocessorimplementation.

Finally, we show that a GPU-basedtonemappingalgo-
rithm can easily be extendedto containa time-dependent
termusinga techniquevery similar to theonedescribedby
DurandandDorsey9. This is importantin aninteractive set-
ting, becausethe averageluminancein a scenecanchange
quickly (for example,whena bright light sourcesuddenly
comesinto view), andwe would like to avoid temporaldis-
continuitiesin brightness.In practice,we have found that
having someamountof temporaladaptationis moreimpor-
tantthanthedetailsof thealgorithmusedto achieve it.

2. Background and RelatedWork

Scenesin the real world have a dynamicrangethat far ex-
ceedsthe capabilitiesof 8-bit-per-channeloutput devices.
This is especiallytrueof scenesthatcontaina combination
of indoorandoutdoorelements,suchasa roomilluminated
througha window. A varietyof tonemapping(or “tone re-
production”)algorithmsexist to displaythesehigh dynamic
range(HDR) imagesonalow dynamicrangedevice.Devlin
et al. give anexcellentcomprehensive review of researchin
thisarea8.

2.1. ToneMapping

Tone mapping operatorsare usually classi�ed as either
global(spatiallyuniform)or local(spatiallyvarying).Global
operatorsapplyasingleluminancetransformfunctionto ev-
ery pixel in the image.The simplestglobal operatoris a
linear map betweenthe HDR imageand the rangeof the
outputdevice. Linearscalingpreservesrelative contrastbut
removes most details containedin the image due to uni-
form scaling.TumblinandRushmeier�rst proposedtheidea
of tonemappingbasedon humanperception;their method
preserves the overall impressionof perceived brightness34.
Wardthenproposedpreservationof perceivedcontrastrather

thanbrightness36: hisvisibility-preservingoperatormapsthe
smallestperceptibleluminancedifferencein theHDR image
to the smallestperceptibleluminancedifferenceof the dis-
play device. In a laterpaper, WardLarsonet al. presenteda
histogramadjustmenttechniquebasedon thedistribution of
local luminanceadaptationin a scene20. This techniquealso
improvesimagerealismby incorporatingmodelsfor human
contrastsensitivity, glare,spatialacuity andcolor sensitiv-
ity. Tumblin et al. thenintroduceda new operatorbasedon
thehumanvisualadaptationprocess.Theiroperatordecom-
posedanimageinto illuminationandre�ectancelayers,then
compressedthe illumination layer while preservingdetails
containedin there�ectance33.

Globaloperatorsaresimpleandcomputationallyef�cient,
but they have dif�culty effectively preservinglocal contrast
in mostHDR images.Localoperatorssolve thisproblemby
usingaspatiallyvaryingmapping,sotwo identicalinput lu-
minancesmay be mappedto differentoutputvaluesbased
onpropertiesof their localneighborhood.

Chiu et al. andSchlickpresentedearlyexperimentsin lo-
cal tonemapping4; 30. Jobsonet al. andPattanaiket al. later
presentedmulti-resolution techniques(such as a retinex-
basedmethod)that attemptedto mimic the behavior of the
humanvisual system16; 25. Tumblin andTurk developedthe
Low CurvatureImageSimpli�er (LCIS) method,whichuses
a formula inspiredby anisotropicdiffusion to detectgra-
dient discontinuities,therebypreservingmuchof the local
detail35. Their methodworks well, but can overemphasize
detailsandalsorequirestheuserto setmany parameters.

Recently, Fattaletal.presentedanew methodbasedonat-
tenuatingmagnitudesof large luminancegradients10. Their
method is conceptuallysimple and computationallyef�-
cient,althoughit doesrequirethesolutionof aPoissonequa-
tion. Goodnightet al.11 have implementedthis algorithmon
theGPU,thoughit doesnot runat interactive rates.Another
recentpaperby Reinhardetal. usesanapproachinspiredby
Ansel Adams's photographic“zone system”27. A summary
of theiralgorithmis presentedin Section2.3.Thisalgorithm
mapsparticularlywell to programmablegraphicshardware
with a few modi�cations;our implementationof Reinhard's
methodis theprimaryfocusof thispaper.

Becauseof the computationalcomplexity of tone map-
ping algorithms,interactive tonemappingtechniqueshave
received relatively little attention to date. Scheel intro-
duced the applicationof tone reproductionin interactive
walkthroughs29. This was done by modifying Ward Lar-
son'soperators36; 20 andusingtexturesto representthelumi-
nanceproducedby global illumination rendering.However,
Scheel's operatoris still computationallydemanding,and
thisapproachdoesnotincorporateany time-dependentadap-
tation. The interactive tone mappingframework presented
by Durandand Dorsey9 usesa multi-passschemethat in-
corporatesadaptation,glare,andlossof acuity. They usea
globaloperatorwith time-dependentadaptation,incorporat-
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ing a simplemodelfor bothlight andchromaticadaptation.
We adopttheir time-dependentlight adaptationto simulate
theeye's adaptationin a dynamicsetting,but applyit in the
context of Reinhard's local tonemappingoperator.

2.2. ProgrammableGraphics Hardware

Modern graphicshardware suchas the NVIDIA GeForce
FX24 andthe ATI Radeon9700and98002 providesa �e x-
ible programminginterfaceto thevertex andfragmentpor-
tions of the graphicspipeline.Programsspeci�ed to these
stages(known asshaders) executein locksteponaSIMD ar-
chitectureandenjoy substantiallyhigherpeak�oating-point
performancethan CPU programs.Although this computa-
tionalhorsepowerhastraditionallybeenusedto enhancethe
visual appearanceof interactive 3D rendering,GPUshave
suf�cient computationalexpressivenessto implementvery
differentalgorithms,asdemonstratedby Purcellet al.'s ray-
tracerthatrunscompletelyongraphicshardware26.

Programmablevertex processinghaslimited applicabil-
ity to general-purposecomputation,becauseit cannotcur-
rently accessmemory (suchas textures).Therefore,most
general-purposeGPU computationwork to date has con-
centratedexclusively on the programmablepixel pipeline.
Even beforeprogrammabilitywasadded,specialrasteriza-
tion techniqueswere usedto acceleratesuch diverseap-
plications as motion planning21, Voronoi diagrams15, and
radiosity6; 17. The additionof true fragmentprogrammabil-
ity hasenabledthe accelerationof myriad applications,in-
cluding non-lineardiffusion for solving partial differential
equations28, coupled-maplatticesusedto simulateboiling13,
andmatrixmultiplication19; 32.

Many of thesetechniqueshad to work aroundor toler-
atequirksof theprogrammablegraphicshardware,suchas
limited precisionor awkward programmingmodels.Much
less awkward programmingtechniquesand interfacesare
now possible,especiallywith the introductionof �oating-
point supportin the GeForceFX andRadeon9700andof
NVIDIA's high-level Cgprogramminglanguage22.

There has beenlittle publishedresearchto date on in-
tegrating HDR images with a high-performancerender-
ing pipeline. Cohenet al. representedand displayedhigh
dynamic range texture maps (HDRTMs) using graphics
hardware5. They �rst decompose16-bithighdynamicrange
textures into two 8-bit texture maps and then perform
dynamic exposure adjustmentand gamma-correctionof
HDRTMs using programmablemultitexturing. While this
techniqueworks well, it only usesa direct mappingfrom
a slice of the HDRTM' s rangeto the display, without per-
formingany sophisticatedtonemappingalgorithms.

2.3. Review of Reinhard'sOperator

We have chosento implementthetonemappingoperatorof
Reinhardetal.27, althoughotheroperatorscouldcertainlybe

implementedaswell. Reinhard's operatoris basedloosely
onthe“zonesystem”in photography1. First,aglobalscaling
is appliedthat is analogousto settinganexposurelevel in a
camera.SupposeLw(x;y) is world luminanceof eachpixel.
Thelog averageluminanceis thengivenby

Lw = exp

 
1
N å

x;y
log(d+ Lw (x;y))

!

(1)

whereN is the numberof pixels in the image,d is a small
constantusedto avoid numericalunder�ow whentakingthe
logarithmof blackpixels.Lw is thenmappedto themiddle-
grey zoneby scalingpixel luminancewith:

L(x;y) =
a

Lw
Lw(x;y) (2)

wherea is a “key value” indicatingwhethera given image
is subjectively light (high-key), normal,or dark(low-key). A
normal-key imagetypically usesa= 0:18,whichis thesame
valueusedby automaticexposurecontrolin cameras.

Next, a simpleglobal tonemappingoperatoris applied,
obtainingdisplayluminancesLd(x;y):

Ld(x;y) =
L(x;y)

1+ L(x;y)
(3)

This simpletonemappingoperatorappearsto be suf�cient
to preservedetailsin low contrastareas,andit is guaranteed
to bring all luminancewithin a displayablerangeof 0 to 1.
However, Reinhardobservesthat detailscanbe lost in im-
ageswith veryhighdynamicrange,especiallyin verybright
regions.To counteractthiseffect,heusesalocalcontrasten-
hancementtechniquethat is similar to photographic“dodg-
ing andburning”.

First, the imageis convolvedwith a setof Gaussiancon-
volution kernelsde�ned at multiple spatialscales,giving a
setof responsesVi . Subtractingadjacentresponsesgivesan
estimateof thelocalcontrastatmultiplespatialscales.Rein-
hardusesacenter-surroundfunctiongivenby

Activity(x;y;si) =
V(x;y;si) � V(x;y;si+ 1)

2f a=s2
i + V(x;y;si)

(4)

to measurelocal contrastat a givenscalesi , usingf , which
is asharpeningparametercontrollingedgeenhancement(set
to 8.0 in the paper).Reinhardconsiders8 scalelevels; the
smallestscales1 = 0:35andsi+ 1 = 1:6� si .

For eachpixel, thecentersurroundfunction is computed
from the lowest scales1, until the �rst scalesm is found
which satis�es jActivity(x;y;sm)j > e, wherethresholde is
setto 0.05by default. Essentially, sm givesthe largestarea
arounda givenpixel whereno suddencontrastchangesoc-
cur. HenceV(x;y;sm) canbe usedaslocal arealuminance,
replacingL(x;y) in thedenominatorof Equation3:

Ld(x;y) =
L(x;y)

1+ V(x;y;sm)
(5)

Becauseof the potential differencebetweenLd(x;y) and
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Figure1: Threeimagesdemonstratingdifferentlevelsof lo-
cal contrastpreservation.Theleft image is compressedwith
theglobal transferfunction,themiddlewith four adaptation
zones,andtheright with eightzones.

V(x;y;sm), this new operatorcanretainsubstantialdetail in
verybrightor darkregions.

Thisoperatoris particularlyattractivefor hardwareimple-
mentationfor two reasons.First, theglobaltransferfunction
(Equation3) is bothsimpleto evaluateandhighly effective
at compressingHDR into a viewablerange.If we useonly
the global operator, we cancompressan image's dynamic
rangeusingasmallnumberof renderingpasses,simplefrag-
mentprograms,andwithout any context switching.In addi-
tion, Equation3 involvesonly oneglobal computation:the
log averageluminance.Globalcomputationsarenot partic-
ularly amenableto graphicshardware.For example,mod-
ern GPUsdo not provide a mechanismfor computingthe
averagepixel value in a buffer. In Section4 we discussa
straightforward reductionmethodthat canbe usedto solve
thisproblem.However, thetechniqueis relatively expensive
and so we would like to avoid operatorsthat requireeven
moreglobalinformationabouttheimage.

Second,while the local dodgingand burning technique
canbecomputationallyexpensive,theprocesslendsitself to
adaptivere�nement.In otherwords,wecanvarythenumber
of adaptationzonesdependingonthelevel of detailwewish
to preserve. This allows us to tradeoff ef�ciency andaccu-
racy, which canbecrucial for interactive applications.This
ideais illustratedin Figure1,whichshowsthreeimagestone
mappedusingReinhardet al.'s operator. As we increasethe
numberof zones(from left to right) the computationtime
alsoincreases.However, we areableto betterpreserve the
detail in booktext.

3. SystemOverview

Tonemappingalgorithmsrequirenohigh-level geometricor
textural information from the applicationin order to com-
pressthe �nal output.We can thereforedecoupleour tone
mappingsystemfrom any applicationthatwantsto useit.

3.1. Library API

Our systemis implementedin a library thatexportsa small
API (shown in Table1). TheAPI canbeusedby anapplica-
tion to compressits outputprior to display. Theapplication

tmInit Initializesthetonemappingsystemand
allocatesvideomemoryfor storingin-
termediateresults.

tmEnable Marks the start of rendering to be
compressed.This function retargets
all OpenGLcalls to the �oating-point
buffer allocatedby tmInit .

tmDisable Turnsoff thetonemappingsystemand
returnstheapplication's renderingcon-
text to theexactOpenGLstatethatex-
istedat thetimeof tmEnable .

tmCompress Executestheactualtonemappingalgo-
rithm. Thecompressedimageis heldin
a buffer local to the tonemappingsys-
tem.

tmBind Binds the output buffer of the tone
mappingsystemto a speci�ed texture
unit. The applicationcanthenusethat
texture to displaytheresultor readthe
databackfor furtherprocessingor stor-
age.

Table 1: The interface betweenthe application and our
tonemappingsystem.Thesystemexportsa simpleAPI that
allows the application to control when its output is com-
pressed.

must �rst call tmInit() onceduring startupto initialize
the tonemappingsystem.During the application's display
routine, a call to tmEnable() causesall OpenGLcalls
to be redirectedinto an off-screenbuffer in video memory
that is local to thetonemappingsystem.Onceall rendering
is completed,the applicationusestmCompress() to in-
voke thedynamicrangecompressionalgorithm.Theresults
of this algorithmareplacedin anotherbuffer, which canei-
therbeboundtoatextureunit usingthetmBind() function
for displayby theapplicationor sentto thedisplayonbehalf
of theapplicationby thelibrary itself.

3.2. Data Layout

In many cases,it is not possibleto representhigh dynamic
rangeimagery using only 8-bit color precision.Floating-
point supportis requiredto storethefull rangeof theimage
as well as to resolve small differencesbetweenpixel val-
ues.Becausemany tonemappingalgorithmsinvolve multi-
plepassesovertheimage,highprecisionis alsonecessaryto
avoid the visual artifactsof error propagation. Fortunately,
graphicsvendorshave recentlystartedto provide �e xible
pixel buffers (pbuffers) that supportmultiple pixel formats,
including �oating-point color representation.Pbuffers can
be renderingtargetsaswell astexture inputs.Additionally,
eachpbuffer can have several surfaces,which are exactly
akin to thefront andbacksurfacesusedfor double-buffered
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Figure2: A block diagramof our systemfor interactivetonemapping. Circular blocksrepresentshaders(or groupsof shaders)
that performa particular part of thealgorithm; rectangularblocks representintermediatedatastorage. Theglobal operator
(Equation3) is implementedusinga singlebuffer (Buffer0) with multiplerenderingsurfaces.Thelocal operator (Equation5)
requirestwo additionalbuffers (Buffer1 andBuffer2) to computetheGaussianconvolutions.Notethat the local operator dia-
gramillustratesonezonecalculation(usinglevel si andsi+ 1 in theGaussianpyramid); thisprocessis repeatedfor subsequent
zonesuntil all zoneshavebeenaccumulated(0; :::; i + 1 in the �gur e). In general, thearrowsrepresentdata �ow asgoverned
by theshaders.Weonlyexecutethedashedarrowpaths(andall pathsin Buffers1 and2) if weare runningthelocal operator.

rendering.In our tonemappingsystem,we storeall image
datain thesurfacesof several�oating-point pbuffers.

A high-level view of our shadersand the data�ow be-
tweenthemis presentedin Figure2. Thesystemis divided
into two conceptualcomponents.The �rst usesa single
pbuffer to storethe initial HDR input from the application
aswell asseveral intermediatecalculationsneededto com-
puteReinhard's global transferfunction (Equation3). The
secondcomponentrequirestwo additionalpbuffers, which
areusedto computeGaussianconvolutionsandaccumulate
localadaptationzonesfor thelocaldodging-and-burningop-
erations.Arrowsin the�gure representrenderpasses,where
pixel datais manipulatedandtransferredbetweenbuffers.

4. Implementation

In this sectionwe describein detailhow we computeEqua-
tion 3 (the global operator)and Equation5 (the local op-
erator)in graphicshardware.All of our algorithmsareim-
plementedusing the OpenGLArchitectureReview Board
(ARB) fragmentandvertex instructionsets.In the follow-
ing text we frequentlyusethetermbuffer quitegenerallyto
denoteany form of renderingtarget. Thesebuffers, asde-
scribedin theprevioussection,canbecomposedof multiple
4-channelsurfaces.In many cases,implementationof theal-
gorithmswill requirerenderingbackandforth amongthese
surfacesto avoid readingfrom andwriting to thesameblock

of memory, but we omit thesedetailsin our explanationof
thealgorithms.

4.1. Global Operator

The global operator(Equation3) is a monotonic,per-pixel
transferfunction that mapsworld luminanceto display lu-
minance.It is thereforequite simple to implementon the
GPU,requiringonly a few renderpasses.This is illustrated
in theleft half of Figure2. Startingwith theoutputfrom the
application,we transforminto theluminancedomain.In the
samepass,we computethe log luminancefor every pixel,
storingthe luminancein oneoutputchannelandthe log lu-
minancein another. Unfortunately, computingtheglobalav-
erageof the log luminancevaluesrequiresa multi-passap-
proachin currenthardware,which lacksany sort of global
accumulator. The moststraightforward approachis to per-
form repeateddownsamplings,averagingfour neighboring
valuesdown to onein eachpasswith a fragmentshader;this
is exactlyequivalentto buildingamipmapfor traditionaltex-
turesandis theapproachalsousedby Krügeret al.18. With
this method,the log(n) th pass(wheren is width of the im-
age)resultsin a singlevaluewhich is thelog averagelumi-
nance.Thisvalueis thenreadbackinto systemmemoryand
boundasa parameterto the fragmentprocessor. In a �nal
renderpass,weaccesstheworld luminanceLw ateachpixel
(ascalculatedin the �rst pass),scaleit accordingto Equa-
tion 2, andthenconvert it to displayluminanceLd accord-
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Figure 3: A block diagram illustrating how we perform
Gaussianconvolutionson theGPU. We store each 4-vector
elementof a 1� n �lter kernel in systemmemoryand bind
thevaluesasparameters to thefragmentpipeline. Likewise,
wecompresstheimage (scalar luminance)into a 4-channel
texture map(shownin the bottomright). In this �gur e, the
registerusedtostoreeachelementof thekernelis labeledc0.
We bind the source image to texture unit 0 and accumulate
previousresultsfromtexture unit 1. Arrowsthat correspond
to thesamerenderpassshare thesamedrawingpattern.

ing to Equation3. To recover thecompressedRGB display
value,wescalethedisplayluminanceaccordingto:

Rd =
�

Rw

Lw

� a

Ld;Gd =
�

Gw

Lw

� a

Ld;Bd =
�

Bw

Lw

� a

Ld (6)

wherea controlsthesaturationof therecovery; typical val-
uesof a are0.4� 0.8.

4.2. Local Operator

Reinhard's local tone mappingoperator(Equation5) pre-
servesdetailby addingalocal-arealuminancetermto Equa-
tion 3. In order to evaluate the center-surroundfunction
(Equation4) usedto determinelocal adaptation,we must
�rst performa seriesof Gaussianconvolutionson theGPU.
For largeimagesor largekernels,it would bemoreef�cient
to perform this calculationin frequency space,where the
convolutionscanbereplacedwith aper-pixel multiplication,
but this would requirean implementationof FFT in hard-
ware,andsucha methodhasonly recentlybeendeveloped;
seeMorelandandAngel23 for details.The OpenGLimage
subsetextensionprovidesmethodsfor performingseparable
convolutionsin theframebuffer31 asanalternative,but sup-
port for this extensionis missingon our targetplatform.We
thereforefound it necessaryto implementan algorithmfor
performingarbitrary-sizedconvolutionson theGPU.

For example,given a 1� n �lter kernel,we canexpress
convolution at a point asa sumof 4-vectorproducts.Since
mostGPU assemblylanguagesprovide a highly optimized

4-vectordot productinstruction,we canperformconvolu-
tionsef�ciently by transforminga scalar-valuedimageinto
anarrayof 4-vectors.Westartby bindingfour offsetsaspa-
rametersto thevertex processor. Theseoffsetscorrespondto
thepositionof the�lter kernelrelative to theimage.For ex-
ample,in eachdimensionwede�ne offsetsthatstartat� n=2
andultimatelyspanthe interval � n=2 to n=2. We thenras-
terizean image-sizedquadto generatefragments.The off-
setsareusedby therasterizerto generatefour setsof texture
coordinatesfor every pixel in thesourceimage,eachcorre-
spondingto an adjacentpixel. We load thosefour adjacent
pixel valuesinto asingle4-vector�oating-point register. By
storing part of the �lter kernel in anotherregister we can
computeaportionof theconvolutionwith asimpledotprod-
uct. In thenext renderpass,we repeatthis processusingthe
next 4-vectorelementof the kernelandcorrespondingver-
tex offsets,accumulatingtheresultsof eachof thesepasses
aswe go along.Theentireprocessis illustratedin Figure3,
which shows the threerenderpassesrequiredto convolve
with a 1� 11 Gaussiankernel.The processis identical for
arbitrary-sized�lters; for symmetry, wepadeachkernelwith
zerosuntil it is amultipleof four.

Using the methodjust described,we can�lter an image
with an n � n separablekernel in n=2 + 2 renderpasses.
We found that in somecases,however, it is moreef�cient
to computemultiple 4-vectorproductsperrenderpass.This
approachreducesthenumberof passesrequiredto compute
a convolution, thus reducingany overheadassociatedwith
binding new shaders,parameters,or textures.As an exam-
ple, considera 49� 49 Gaussiankernel.Using the method
above, it would take 26 passesto convolve this kernelwith
any size image.By exploiting the rasterizer's capabilityof
generatingmultiple texture coordinatesper fragmentand
bindingmultiple 4-vectorcomponentsof thekernelasfrag-
mentpipelineparameters,wecanperformthreedotproducts
perpassinsteadof thesingleonedescribedabove. This re-
ducesthe total numberof passesby more thanhalf. Note,
however, thatthespeedupin practiceis only about25%;we
havenotfundamentallyreducedthenumberof computations
requiredor theamountof memoryaccessed.

We also experimentedwith storing several kernelsin a
single2D RGBA �oating-point textureratherthanin system
memory. In this context, we canusethe texture coordinate
in onedimensionto choosetheappropriatekernel,while us-
ing theotherdimensionto accessspeci�c 4-vectorelements
of the kernel.While this eliminatesthe needto repeatedly
transferthekernelfrom systemmemoryto GPUregisters,it
requiresthatweperformanextra texturelookupin thefrag-
mentprogram.This additionaltexturememoryaccessactu-
ally causedthealgorithmto run slower, suggestingthat the
systemis memory-bandwidthlimited. Furtheroptimizations
would thereforerequirethatwe reducetexturememoryac-
cessesin someway, perhapsby combiningreadsin amethod
similarto theoneusedbyBolzetal.3. Wediscussthisfurther
in Section6.1.
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While performing any kind of convolution, it is im-
portant to properly deal with boundaryconditions.In our
current implementation,we use the common approach
of replicating boundary pixels for all data accessthat
falls outside the boundsof the image. In graphicshard-
ware, all accessto the image domain is through normal-
ized (0 to 1) texture coordinates.We replicateboundary
pixels by setting the GL_TEXTURE_WRAPparameterto
GL_CLAMP_TO_EDGE, which guaranteesthat all texture
coordinatesoutsidethe normal rangereturnboundaryval-
uesfor agiventexture.

4.3. Calculating adaptation zoneson the GPU

With a GPU-basedmethodfor performinglargekernelcon-
volutions,we caneasilycomputeV(x;y;si) for any level si
in a Gaussianpyramid.We couldstartby pre-allocatingthe
entirepyramid s0;s1; :::;si , storingeachlevel in a separate
buffer, but this could result in the useof large amountsof
videomemory, especiallyif theimageis screen-size.All that
is necessaryto determineapixel's zoneis thedifferencebe-
tweenneighboringlevelsin thepyramid,sowecanperform
all �ltering computationusingjusttwo buffers.In additionto
beingmemory-ef�cient, this approachmakesit easyto dy-
namicallydecidehow many zonesto calculatewithout hav-
ing to transferpixel dataamongseveralrenderingcontexts.

Althoughwecancomputeall theadaptationzonesusinga
singlepassgivensuf�cient hardwareresources,this requires
extensive use of conditionalsin the fragmentshader. We
would needto evaluatethe center-surroundfunction at ev-
eryresolutionin theGaussianpyramid,usingconditionalsat
eachlevel. Becausefragmentprogramsexecutein lock-step
onaSIMD architecture,conditionalsareveryexpensive;all
executionpathsareevaluatedonall fragments.Furthermore,
suchafragmentshaderwouldhaveto havesimultaneousac-
cesstoall levelsin theGaussianpyramid,meaningwewould
haveto precomputeevery�ltered imageandbindthemasin-
put texturesbeforecalculatingzones.In orderto avoid these
complications,webuild theadaptationzonemapin multiple
passesusingacumulativeprocess.

In a given renderpass,we mark all pixels correspond-
ing to a singlezone.This processinvolvesfour buffers: two
buffersusedto storeadjacentlevelsin theGaussianpyramid
andtwo buffers for accumulatingadaptationzones.For ex-
ample,if wehavealreadycalculatedzonei, wecancalculate
zonei + 1 usingthefollowing steps:

1. Filter thescaledluminanceaccordingto level si+ 2 in the
Gaussianpyramid.

2. Setthe zonebuffer usedto storezones0; :::; i � 1 asthe
rendertarget.

3. Bind Gaussianpyramidlevel si+ 1 (�ltered in theprevious
pass)and si+ 2 as well as the remainingzonebuffer as
input textures.

4. Renderan image-sizedquadwith the zonecomputation
fragmentshaderactivated.
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Figure 4: An illustration of howweaccumulateadaptation
zonesin graphicshardware. We usetwo buffers to store ad-
jacent levels in a Gaussianpyramid, which is labeleds0
throughs3. Thezoneinformationis accumulatedusingan-
othertwobufferswhich weuseasalternatingrendertargets.
Thearrows in the �gur e are drawn with different patterns
to distinguisheach renderpass.Arrowsenteringtheshader
block representinput texturesfor thatparticular pass.

Theshaderwe useto calculatezonesis a straightforward
implementationof a center-surroundthreshold.For every
pixel wherejActivity(x;y;si)j > e, we outputthe luminance
from level si to thetargetbuffer. A texturelookupon thein-
put zonebuffer allows us to determinewhethereachpixel
hasalreadybeenassignedazone;thosethathavearecopied
throughto the target buffer. Pixels for which no zonehas
previously beenselectedandwhich arenot chosenfor the
currentzoneby theabove inequalityareleft unmodi�ed and
emptyin the target buffer usingthe fragmentkill operation
of thegraphicshardware.This processis illustratedin Fig-
ure5 for thecalculationof threezonesusinga total of four
levelsin theGaussianpyramid.

Figure5 shows false-colorvisualizationsof a zonemap;
oneimageis computedusingour softwareimplementation
of Reinhard's local operator(Equation5), and the other is
computedin hardware. A total of eight zonesis shown;
darker region representlarger discontinuitiesin the lumi-
nance.The imagesarenearly identical; the small disparity
is due to �oating-point imprecisionon the GPU (seeSec-
tion 5.2for anerroranalysis).

4.4. Time-DependentModel

Interactiveapplicationscanoftensuffer from largetemporal
discontinuitiesin dynamicrange(when,for example,a light
sourcecomesinto view). We would like our tonemapping
algorithm to smooththosediscontinuitiesover time in or-
derto createamorenaturalandplausible-lookinganimation.
To do this,wehave incorporatedamodelof time-dependent
adaptationproposedby DurandandDorsey9. Thedetailsof
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Figure5: False-colorvisualizationsof theadaptationzones
map as generated using Reinhard's local operator (Equa-
tion 5). Each of theeightzonevaluesis normalizedbetween
0 and1, where darker regionsrepresentlower levelsin the
Gaussianpyramid. We use0.05 for the activity threshold.
Theimageontheleft is generatedin software, andtheimage
on the right is from our GPU implementation.Thetwo im-
agesare nearlyidentical; differencesarisedueto theGPUs
limited �oating-point precision.

this modelcanbe found in their paper;we summarizethe
key pointsbelow.

This modelsimulatesbothmultiplicative andsubtractive
light adaptationby applying a global multiplicative scale
factor m during the mapping from world luminanceLw
to display luminanceLd (Ld = mLw). When the dynamic
rangechangessuddenly, sensitivity recovery is simulatedby
changingm with an exponential�lter: dm

dt = m� � m
t , where

m� is theunmodi�edscalefactorthatwouldbeusedwithout
time-dependentadaptation,andt is a parametercontrolling
how fasttheviewerwill adaptto changesin light intensity.

To usethismodelin ourGPU-basedsystem,weapplythe
exponential�lter to thelog averageluminance(Lw) for each
frame.RecallthatReinhard's operator�rst scalesworld lu-
minanceby a

Lw
(seeEquation2),mappingtheoverallbright-

nessof the imageto a subjective key value a for display.
Modulating the log averageluminanceby the exponential
�lter is thereforeequivalentto controllingthegain m in Du-

rand'scase.WethereforeusedLw
dt = L�

w � Lw
t to simulatelight

adaptation,whereL�
w is thetargetlog averageluminance.

Although this is a simplemodelof adaptationandis not
physically based(Durandand Dorsey give more involved
models that more closely mimic the humaneye), it pro-
ducesqualitatively reasonableresults.Our experiencehas
beenthat the presenceof a time adaptationmodel is much
moreimportantthanthedetailsof themodelitself, sincethe
visual contentoften changesmuch more quickly than the
dynamicrange.

5. Results

All of our experimentshave beenconductedusingthe ATI
Radeon9800Pro graphicscard.This architecturesupports
medium-precision(24-bit) �oating-point computationsand
texture maps.All exampleimagesandtiming reportswere
recordedon a dual-processorAMD Athlon 1800+MP sys-
temwith 512MBof memoryrunningWindowsXP.

To testour implementation,wedevelopedanOpenGLap-
plication that useshigh dynamicrangetextures.The appli-
cation �rst createsa window of the samesizeasthe HDR
imageto becompressed.Theapplicationthenrendersafull-
window quadthat is texturedwith theHDR image.Without
tonemapping,theoutputis clampedto the rangeof 0 to 1.
Ourapplicationallowstheuserto pana“tonemapwindow”
over the imageto run our algorithmon a subsetof the full
HDR image.Thisallowsusto testourtime-dependentmodel
easilybypanningbetweendarkandbrightregions.Ouralgo-
rithmsareinvokedsimplyby drawing thetonemapwindow
quadwith our pixel shaders.Figure6 shows a screenshotof
thistestapplication.Thebackgroundimageis adirectoutput
to theapplication'sframebuffer; thesmallerviewportshows
thetonemappedportionof theimage.

5.1. Performance

In thissectionwediscusstheperformanceof ourGPU-based
tone mappingsystem.The graph in Figure 7 gives frame

Figure 6: A 1024� 1024HDR image from inside the Ro-
tundaat U.Va.Thedynamicrangeis roughly150,000:1.The
background is clampedto the range of 0 to 1; the smaller
image(512� 512) is compressedusingour hardware imple-
mentationof Equation3.
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Figure 7: A log graph of framerate achievedby our sys-
temcomparedto framerateof a CPUimplementationof the
samealgorithms.Thecurvesshowdata for threedifferent
image resolutionsandzonesrangingfromzero to eight.For
the 256� 256 case, we can maintain>20 fps in all cases.
However, for 512� 512 the framerate is not quite interac-
tive for a largenumberof zones.

ratesachieved by our systemaswell asframeratesfor the
samealgorithmsimplementedin software.We shouldnote
that our CPU implementationis by no meanshighly opti-
mized,but it is reasonablyef�cient. As with the GPU, we
build the Gaussianpyramid using spatialconvolutions in-
steadof moreef�cient frequency spacetechniques(asused
by Reinhardet al.). In addition to this we usea relatively
expensive recovery function(Equation6). However, thetwo
implementationsareconsistentwith regardto complexity.

In thecaseof theglobaloperator(zerozones),weareable
to achieveextremelyhighframeratesfor all of thelistedim-
ageresolutions.This is not really surprisingconsideringthe
simplicity of thetransferfunction.In fact,we foundthatfor
theglobaloperatora substantialportionof thecomputation
is spentbuilding the mipmap.For example,disablingthis
stepresultedin roughlya60%speedupin somecases.How-
ever, asthenumberof zonesincreases,addinglocal adapta-
tions,theGaussianconvolutionsquickly becomethebottle-
neck.To computeeight zoneswe mustconvolve with �lter
kernelsrangingfrom 3 � 3 pixels to 49� 49 pixels. Even
with an ef�cient GPU-basedconvolution algorithm, such
large kernelsprevent us from maintainingreal-timeframe
rateson today's hardware.With eightadaptationzones,our
systemrunsataround5 Hz for a512� 512imageand20Hz
at 256� 256.While 5 framesper secondis not interactive,
it doesshowcasethesheercomputationalpower of thefrag-
menthardware,andreal-timeframerates(>30 Hz) areeas-
ily achievable if we limit ourselves to smallerimagereso-
lutions or a smallernumberof zones.A gallery of results

at 512� 512 generatedat roughly 30 Hz eachis shown in
Plate1.

Thegiven frameratesarecalculatedfrom the time taken
to run thetonemappingalgorithmin hardware.Theoverall
frameratewould obviously be lower whenwe factorin the
time taken by the applicationitself. The suddenfalloff in
frameratewhenwe move from the global operatorto the
local one is simply due to additionaloverheadincurredin
the local case(signi�cantly morememoryreadsandwrites
mustoccurto preparefor thezonecalculations).

5.2. Accuracy

Tone mappingalgorithmscan be quite susceptibleto nu-
meric imprecision,andthis is especiallytruefor local oper-
atorsbecauseof their computationalcomplexity. For exam-
ple,without suf�cient precisionwhenevaluatingthecenter-
surroundfunction, it is possiblethat somepixels will be
assignedincorrectadaptationzones.This canintroduceun-
pleasantvisualartifactssuchashalosin thecompressedim-
age.Becauselocal operatorstend to require signi�cantly
morecomputationthat global operators,any shortcomings
in precisioncan bring about compoundederror. In order
to avoid theseproblems,software implementationsof tone
mappingalgorithmstypically storedataandperformall cal-
culationsusingIEEE (32-bit) single-precision�oats. How-
ever, our targetGPUarchitecture,ATI' s Radeon9800,only
supports24-bit �oating-point computations.In an effort to
quantify theeffectsof this limited precision,we have run a
seriesof experimentscomparingoutputfrom the GPU to a
softwareimplementationof thesamealgorithm.To compare
theresults,we evaluateRootMeanSquared(RMS) percent
errorbetweentheCPUandGPUimplementationsas:

errorRMS% =

vu
u
t 1

n å
x;y

�
pcpu(x;y) � pgpu(x;y)

pcpu(x;y)

� 2

(7)

wheren is the numberof pixels in the imageand p(x;y) is
thepixel value.Wealsoevaluatethemeanpercenterroras:

errorMean% =
1
n å

x;y

�
�
�
�
pcpu(x;y) � pgpu(x;y)

pcpu(x;y)

�
�
�
� (8)

Table 2 gives error calculationsfor imagesresultingfrom
severalstagesin thealgorithm.

Thescaledluminanceerrortakesinto accountall numeric
inaccuraciesaccumulatedby the repeatedaveragingtech-
nique as well as the transformto luminancespace.Given
the simplicity of thesecomputations,we would expectthis
error to be small, andour experimentsveri�ed that this is
in fact thecase.Theconvolution examplesshow theeffects
of 24-bit �oating-point precisionover the courseof many
renderingpasses.Naturally, theimagethatwas�ltered with
the larger kernelcontainsmoreerror. The local arealumi-
nanceimagehasamuchhigherpercenterrorthantheprevi-
ousexamples.This is dueto the fact thatevensmall errors

c
 TheEurographicsAssociation2003.



Goodnight,Wang, Woolley, andHumphreys/ InteractiveTime-DependentToneMappingUsingProgrammableGraphicsHardware

Image(computation) RMS% error mean% error

Scaledluminance 0.022% 0.022%
Convolution (5� 5) 0.026% 0.026%
Convolution (49� 49) 0.032% 0.032%
Localarealuminance 4.552% 0.764%
Final image 1.051% 0.177%

Table 2: RMSpercenterror andmeanpercenterror for dif-
ferentstagesin our GPUimplementationof Reinhard etal's
local tonemappingoperator. Thesevaluesarecalculatedby
treatingtheoutputfromour CPU implementationastheac-
ceptedvalue. Therelativelylarge RMSpercenterror for the
local arealuminanceimage canbeattributedto slight vari-
ation in thenumberof pixelsin each zone.

in thethresholdcomparisoncancauseslightvariationsin the
boundariesbetweenzones.In otherwords,if thewidth of the
Gaussiankernelincreasessigni�cantly betweenlevelsin the
pyramid(asit doesin thisalgorithm),small�nite difference
errorscanresult in large errorsin the local arealuminance
image.Fortunately, we have foundthat thevisual impactof
this is moreor lessnegligible, andtheerrorin the�nal tone
mappedimageis signi�cantly smaller.

6. Discussion

We have shown that the graphicspipeline hassuf�ciently
evolved to supportsophisticatedtone mappingalgorithms
and compressimagesat interactive rates. This is not a
panacea,however. Many questionsremain,including when
interactive tonemappingis mosteffective, andwhich tone
mappingalgorithmsare bestsuited to interactive applica-
tions.

6.1. Optimizations

A troublesomeaspectof GPU programmingis that it re-
quiresexceedinglycarefuloptimizationin order to extract
theperformancewewouldexpect.A numberof factorscon-
tribute to this problem,suchasmemorybandwidth,driver
overhead(especiallycontext-switchingoverhead),etc. Ap-
proachesto theseproblemshave beenexploredat lengthin
several recentpapers,includingBolz et al.3 andGoodnight
etal.11.

Of particularnoteis acaveatto theuseof pbuffers,which
is thatthey cannotsharearenderingcontext with theapplica-
tion. Context switchingcanbecomea seriousbottleneckfor
an algorithmthat musttransferdataamonga large number
of buffers.Wehaveminimizedcontext switchingby allocat-
ing pbufferswith multiple renderingsurfaces(GL_FRONT,
GL_BACK, GL_AUXi, etc.),all of whichsharethesameren-
deringcontext. While wehavebeenableto implementlarge
portionsof our tonemappingalgorithmusingonly a small

numberof buffersfor datastorage,someamountof context
switchingis unavoidable.

The remaining major bottleneck is certainly memory
bandwidth,aswewouldexpectin thesetypesof algorithms.
Memoryaccessescanbereducedsomewhatby moretightly
packingthedata3, a techniquethatworkswell for a number
of general-purposeGPU algorithms.In the caseof interac-
tive tonemapping,however, this datapackingstep(andthe
associatedunpackingafterward) would have to occuronce
per frame,making it unclearthat sucha techniquewould
giveasigni�cant speedup.

6.2. The Effect of Varying Frame Rateon Our
Time-DependentModel

Obviously, we only have an opportunityto apply our tone
mappingalgorithmonceper frame.Whenwe apply theex-
ponential�lter describedin Section4.4,weneedanestimate
of the elapsedtime Dt in order to determinehow muchto
changethegain m. If the framerateis very high, thenDt is
low andm changessmoothlyover time, giving a very con-
vincing impressionof adaptation.

If, however, theapplication's framerateis low, thenusing
elapsedwall-clock time in our time-dependentmodelgives
riseto largeluminousdiscontinuities.Althoughapplications
with low frameratestendto have large spatialdiscontinu-
ities which severelydetractfrom theuserexperience,com-
poundingthatproblemwith visualadaptationdiscontinuities
seemsto make theexperiencequiteunpleasant.

It is thereforeadvisableto establishsomemaximumes-
timate of elapsedtime when applying a time-dependent
model. If the frame rate dropsbelow somethreshold,the
estimatedelapsedtime will thenremain�x ed.This hasthe
effect of slowing down theadaptationwith respectto wall-
clock time,but theeffect appearsmuchlessupsettingto the
user. Otherheuristicssuchasboostingthe valueof t if the
framerategetstoo low mightbefruitful aswell, but thekey
is to avoid severeadaptationdiscontinuities.

7. Conclusionand Futur eWork

We have describedour implementationof a state-of-the-
art tone mappingalgorithm using programmablegraphics
hardware.Our time-dependentversionof Reinhard's pho-
tographictonereproductionalgorithmachieveshigh refresh
rates.In addition,our ability to adda time-dependentterm
to thetonemappingalgorithmmakesit quitesuitablefor in-
teractivesimulation.

Therearea numberof directionsfor future work. First,
we would like to implement our algorithm as a non-
invasive add-onfor unmodi�ed OpenGLapplicationsusing
theChromiumframework14. It shouldbestraightforwardto
allow an unmodi�ed applicationto renderdirectly into a
�oating-point texture,andwe canthenapplyour algorithm
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whenever the applicationswapsbuffers. This would allow
anyone to experimentwith the useof high dynamicrange
texturesin an interactive application.We could thusallow
existing gameslike Id Software's Quake III: Arena to use
special�oating-point texture mapsto draw very bright re-
gionssuchasexplosionsor thesun.In addition,ourOpenGL
replacementcould enablea vertex programto computea
standardOpenGLlighting modelwithout clamping,allow-
ing anordinaryOpenGLprogramto bene�t from HDR ren-
deringwithout requiringselective texture replacement.Be-
causethetonemappingalgorithmsrequireno high-level in-
formationfrom theapplication,any applicationcouldimme-
diatelybene�t from areal-timetoneadaptationmodel.

Second,it would beusefulto designanextendedAPI so
thatHDR-awareapplicationscouldcontrolthetonemapping
subsystem.For example,theAPI couldallow usersto con-
trol tonemappingparameterssuchasthe“key level” a and
thresholdein Reinhard'salgorithm.Applicationsmightalso
desireto damptheHDR compressionlevel neartheextremes
of thedynamicrangeto let moreor lessof the imagewash
out. More generally, we would like to explore theextent to
which rapid interactive changeaffectstheperceptualutility
of precisetonemapping.Providing a feedbackmechanism
for theapplicationto controlperformanceby specifyinghow
aggressively to preservedetailwouldbewouldbenecessary
to conductsuchexperiments.
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Plate1: A seriesof 512� 512HDRimagesthathavebeentonemappedontheGPUusingEquation5. Underneatheach image
is thecompressionratio achievedbyour algorithmusingtwoadaptationzones.All imagesweregeneratedat nearly30Hz.
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