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Abstract

Moderngraphicsarchitectueshavereplacedstagesof the graphicspipelinewith fully programmablemodules.
Theeefore, it is now possibleto performfairly genemal computationon ead vertex or fragmentin a sceneIn
addition, the nature of the graphicspipeline males substantialcomputationalpower available if the programs
havea suitablestructue. In this paper we showthatit is possibleto cleanlymapa state-of-the-artonemapping
algorithm to the pixel processarThis allows an interactive applicationto achieve higher levels of realismby
renderingwith physicallybasedunclampedighting valuesand high dynamicrange texture maps We also show
that the tone mappingoperator can easily be extendedto include a time-dependenmodel,which is crucial for
interactivebehavior Finally, we describethe waysin which the graphicshardware limits our ability to compess
dynamicrange ef ciently, anddiscussmodi cationsto the algorithmthat could alleviate theseproblems.

CategoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.1[ComputerGraphics]HardwareArchitecture—
GraphicsProcessors.3.3 [Computer Graphics]: Picture/lmageGeneration—DisplayAlgorithms 1.4.8 [Image
Processingind ComputetVision]: SceneAnalysis—Photometry.4.1 [Image Processingnd ComputerVision]:

Enhancement—DigitizatioandimageCapture

1. Intr oduction

Dynamic rangeis de ned asthe rangeof light intensities
presentin a scene.ln the real world, very large dynamic
rangesare commonplacesometimes=xceedingten orders
of magnitudelt is quite easyto producesuchanimageon a
computerby usingeithera physically-basedenderingsys-
temor acombinatiorof multiple photographsakenatdiffer-
ent exposure$. However, displayingtheseimagespresents
a challengefor computergraphicssince most output de-
viceshave arelatively smalldisplayablaedynamicrange fre-
quentlyonly integer intensitiesbetween0 and 255 are per
mitted. This disparityhasgivenriseto the eld of tonemap-
ping, whosebroadgoalis to optimizethe mappingfrom an
imagewith alarge dynamicrangeto a displaywith a small
dynamicrange Althoughthealgorithmsusedto achieve this
goalarediverse they all typically operateasanof ine pro-
cessratherthanin real-time:a high dynamicrange(HDR)
image s either synthesizedy a renderingsystemor re-
coveredfrom multiple photographsandthenthe tonemap-
ping algorithmprocessethatimage,eventuallyproducinga
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low dynamicrangeversion.Improvementsn CPU process-
ing power have recentlyled to impressve advancementsn
this eld, producingnearlyartifact-freeimagesthat closely
mimic thelocal adaptatiorabilities of the humaneye.

Wehave alsoseerarecentrevolutionin 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 enablecomple visual effectsin interac-
tive graphicsapplications Becauseof the streamingnature
of graphicshardware, the graphicsprocessingunit (GPU)
is ableto achieve extremely high computationarates;the
pixel pipelineon NVIDIA's GeForceFX cardarecapableof
sustaininggl GFLOPS4, whichis roughly8 timesthecom-
putationalpower of the fastestPentium4 available today
Very recently theseprogrammable@raphicspipelinestages
have becomesufciently generalthat non-traditionaltasks
have beenimplementedon the GPU, such as ray-tracing,
sparsematrix solving, and motion plannind?. Thesealgo-
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rithms perform extremely well on the GPU becausehey
areableto take advantageof the parallelismavailablein the
pixel-processingortionof the pipeline.

In this paper we explore the potential for using this
programmabilityto add real-timetone mappingto interac-
tive graphicsapplicationsThis allows a substantialncrease
in exibility of applicationdesignand brings considerable
addedrealismto interactive visual simulation. Becauseof
the enormouscomputationapower presentn the GPU, we
have beenableto implementa state-of-the-atonemapping
algorithmat interactve rates.In our experimentswe found
thatsomealgorithmsarebettersuitedto implementatioron
a GPU thanothers.In particular the photograpk-inspired
techniquef Reinhardet al.2” areespeciallywell-suitedto
an interactve GPU implementation;we will describeour
implementatiorin detail. We will alsodescribeanalternate
algorithmfor computingphotographiczonesthat produces
qualitatively similar resultsbut is muchmoreamenabldo a
fragmentprocessoimplementation.

Finally, we shawv that a GPU-basedone mappingalgo-
rithm can easily be extendedto containa time-dependent
termusinga techniquevery similar to the onedescribedy
DurandandDorse/®. Thisis importantin aninteractve set-
ting, becauseahe averageluminancein a scenecanchange
quickly (for example,whena bright light sourcesuddenly
comesinto view), andwe would lik e to avoid temporaldis-
continuitiesin brightnessin practice,we have found that
having someamountof temporaladaptatioris moreimpor-
tantthanthe detailsof thealgorithmusedto achieve it.

2. Background and Related Work

Scenesn thereal world have a dynamicrangethat far ex-
ceedsthe capabilitiesof 8-bit-perchanneloutput devices.
This is especiallytrue of sceneghatcontaina combination
of indoorandoutdoorelementssuchasaroomilluminated
througha window. A variety of tonemapping(or “tone re-
production”)algorithmsexist to displaythesehigh dynamic
range(HDR) imageson alow dynamicrangedevice. Devlin
etal. give anexcellentcomprehensk review of researchn
thisared&.

2.1. ToneMapping

Tone mapping operatorsare usually classi ed as either
global(spatiallyuniform)or local (spatiallyvarying).Global
operatorsapplyasingleluminanceransformfunctionto ev-
ery pixel in the image. The simplestglobal operatoris a
linear map betweenthe HDR image and the rangeof the
outputdevice. Linear scalingpreseresrelative contrastout
removes most details containedin the image due to uni-
formscaling.TumblinandRushmeierrst proposedheidea
of tone mappingbasedon humanperceptiontheir method
preseresthe overall impressionof perceved brightnes$*.
Wardthenproposedgreserationof percevedcontrastather

thanbrightnes#: hisvisibility-preservingoperatomapsthe
smallesperceptiblduminancedifferencen theHDR image
to the smallestperceptiblduminancedifferenceof the dis-
play device. In alaterpaper Ward Larsonet al. presentec
histogramadjustmentechniquebasedn the distribution of

local luminanceadaptatiorin a scené®. Thistechniquealso
improvesimagerealismby incorporatingmodelsfor human
contrastsensitvity, glare, spatialacuity and color sensitv-

ity. Tumblin et al. thenintroduceda new operatorbasedon
thehumanvisualadaptatiorprocessTheir operatordecom-
posedanimageintoilluminationandre ectancelayersthen
compressedhe illumination layer while preservingdetails
containedn there ectancés.

Globaloperatorsiresimpleandcomputationallyef cient,
but they have dif culty effectively preservingocal contrast
in mostHDR imagesLocal operatorsolve this problemby
usinga spatiallyvaryingmapping.sotwo identicalinputlu-
minancesmay be mappedto differentoutputvaluesbased
on propertiesof theirlocal neighborhood.

Chiuetal. andSchlick presenteaarly experimentdn lo-
cal tonemapping 3. Jobsoret al. andPattanaiket al. later
presentedmulti-resolution techniques(such as a retinex-
basedmethod)that attemptedo mimic the behaior of the
humanvisual systemé 25, Tumblin and Turk developedthe
Low CunaturelmageSimpli er (LCIS) methodwhichuses
a formula inspired by anisotropicdiffusion to detectgra-
dient discontinuities therebypreservingmuch of the local
detaiP>. Their methodworks well, but can overemphasize
detailsandalsorequireshe userto setmary parameters.

RecentlyFattaletal. presente@newv methodbasednat-
tenuatingmagnitudesof large luminancegradients?. Their
methodis conceptuallysimple and computationallyef -
cient,althoughit doesrequirethesolutionof aPoissorequa-
tion. Goodnightetal ! have implementedhis algorithmon
the GPU,thoughit doesnotrun atinteractve rates Another
recentpaperby Reinhardetal. usesanapproachnspiredby
Ansel Adamss photographic’zone system?’. A summary
of theiralgorithmis presentedh Section2.3. Thisalgorithm
mapsparticularlywell to programmableraphicshardware
with afew modi cations; ourimplementatiorof Reinhards
methodis the primaryfocusof this paper

Becauseof the computationalkcompleity of tone map-
ping algorithms,interactize tone mappingtechniqueshave
receved relatively little attentionto date. Scheelintro-
ducedthe applicationof tone reproductionin interactve
walkthrough&®. This was done by modifying Ward Lar-
son's operator® 20 andusingtexturesto representhe lumi-
nanceproducedby globalillumination rendering However,
Scheek operatoris still computationallydemanding.and
thisapproactdoesnotincorporateary time-dependerddap-
tation. The interactve tone mappingframewvork presented
by Durandand Dorsg/® usesa multi-passschemethat in-
corporatesadaptationglare,andlossof acuity They usea
globaloperatowith time-dependeradaptationincorporat-
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ing a simplemodelfor bothlight andchromaticadaptation.
We adopttheir time-dependenlight adaptatiorto simulate
the eye's adaptatiorin a dynamicsetting,but applyit in the
contet of Reinhards local tonemappingoperator

2.2. Programmable Graphics Hardware

Modern graphicshardware suchas the NVIDIA GeForce
FX24 andthe ATI Radeon9700and 980 providesa e x-

ible programmingnterfaceto the vertex andfragmentpor-

tions of the graphicspipeline. Programsspeci ed to these
stagegknown asshades) executein lockstepona SIMD ar

chitectureandenjoy substantiallyhigherpeak oating-point

performancehan CPU programs.Although this computa-
tional horsepaver hastraditionallybeenusedto enhancehe
visual appearancef interactve 3D rendering, GPUshave

sufcient computationakexpressienessto implementvery
differentalgorithms,asdemonstratetdy Purcelletal’s ray-

tracerthatrunscompletelyon graphicshardwarez.

Programmablevertex processinghaslimited applicabil-
ity to general-purposeomputationbecausét cannotcur
rently accessmemory (such as textures). Therefore,most
general-purpos&PU computationwork to date has con-
centratedexclusively on the programmablepixel pipeline.
Even beforeprogrammabilitywas added,specialrasteriza-
tion techniqueswere usedto acceleratesuch diverse ap-
plications as motion planning?, Voronoi diagram&°, and
radiosity? 17. The addition of true fragmentprogrammabil-
ity hasenabledthe acceleratiorof myriad applicationsjn-
cluding non-lineardiffusion for solving partial differential
equations?, coupled-mapatticesusedto simulateboiling?3,
andmatrix multiplication9 32,

Many of thesetechniqueshadto work aroundor toler
ate quirks of the programmableraphicshardware,suchas
limited precisionor awkward programmingmodels.Much
less awkward programmingtechniquesand interfacesare
now possible,especiallywith the introductionof oating-
point supportin the GeForce FX and Radeon9700 and of
NVIDIA's high-level Cg programmindanguagé?.

There has beenlittle publishedresearchto date on in-
tegrating HDR imageswith a high-performancerender
ing pipeline. Cohenet al. representednd displayedhigh
dynamic range texture maps (HDRTMSs) using graphics
hardware®. They rst decomposd6-bithigh dynamicrange
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
forming ary sophisticatedonemappingalgorithms.

2.3. Review of Reinhard's Operator

We have chosernto implementthe tone mappingoperatorof
Reinhardetal 27, althoughotheroperatorsouldcertainlybe
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implementedas well. Reinhards operatoris basedloosely
onthe“zonesystem’in photograph!?. First,aglobalscaling
is appliedthatis analogougo settingan exposurelevel in a
cameraSupposd.w(X;y) is world luminanceof eachpixel.
Thelog averagduminanceis thengivenby

_ 1, '
Lw= exp Na log(d+ Lw(xy)) 1)
Xy

whereN is the numberof pixelsin theimage,d is a small
constanusedto avoid numericalunder ow whentakingthe
logarithmof blackpixels.Ly is thenmappedo the middle-
grey zoneby scalingpixel luminancewith:

L(xy) = %Lw(x;y) &)

wherea is a “key value” indicatingwhethera givenimage
is subjectvely light (high-key), normal,or dark (low-key). A
normal-ley imagetypically usesa= 0:18,whichisthesame
valueusedby automaticexposurecontrolin cameras.

Next, a simple global tone mappingoperatoris applied,
obtainingdisplayluminanced. 4(X;y):

L(xY)
T+ Lxy) )

This simpletone mappingoperatorappeargo be sufcient
to presere detailsin low contrasfareasandit is guaranteed
to bring all luminancewithin a displayablerangeof 0 to 1.
However, Reinhardobseresthat detailscanbe lost in im-
ageswith very highdynamicrange especiallyin very bright
regions.To counteracthis effect,heusesalocal contrasen-
hancementechniquethatis similar to photographic'dodg-
ing andburning”.

La(xy) =

First, theimageis convolved with a setof Gaussiarcon-
volution kernelsde ned at multiple spatialscalesgiving a
setof responsey;. Subtractingadjacentesponsegivesan
estimateof thelocal contrastat multiple spatialscalesRein-
hardusesa centersurroundfunctiongiven by

Vxys) V(Xys+1)
. : (4)
Aa= + V(X y:s)
to measurdocal contrastat a given scales;, usingf , which
is asharpeningarametecontrollingedgeenhancemer{set
to 8.0in the paper).Reinhardconsiders3 scalelevels; the
smallestscales; = 0:35ands+1= 1.6 §.

Adivity(x;y;s) =

For eachpixel, the centersurroundfunctionis computed
from the lowest scales;, until the rst scalesy is found
which satis esjAdivity(x;y; sm)j > e, wherethresholde is
setto 0.05by default. Essentially sm givesthe largestarea
arounda given pixel whereno suddencontrastchangesc-
cur. HenceV(x;y; sm) canbe usedaslocal arealuminance,
replacingL(x;y) in thedenominatoof Equation3:

L(xy)
1+ V(XY Sm)
Becauseof the potential differencebetweenLy(X;y) and

La(xy) = ()
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Figure 1: Threeimagesdemonstating differentlevelsof lo-

cal contrastpreservationTheleft image is compessedvith

theglobal transferfunction,the middlewith four adaptation
zonesandtheright with eightzones.

V(X;Y; sm), this new operatorcanretainsubstantiatietailin
very bright or darkregions.

Thisoperatoiis particularlyattractve for hardwareimple-
mentatiorfor two reasonsFirst, theglobaltransferfunction
(Equation3) is both simpleto evaluateandhighly effective
at compressindHDR into a viewablerange.If we useonly
the global operator we can compressan images dynamic
rangeusingasmallnumberof renderingpassessimplefrag-
mentprogramsandwithoutany context switching.In addi-
tion, Equation3 involvesonly oneglobal computationthe
log averageluminance Global computationsarenot partic-
ularly amenableo graphicshardware. For example,mod-
ern GPUsdo not provide a mechanismfor computingthe
averagepixel valuein a buffer. In Section4 we discussa
straightforvard reductionmethodthat canbe usedto solve
this problem.However, thetechniquds relatively expensve
and so we would like to avoid operatorsthat requireeven
moreglobalinformationabouttheimage.

Secondwhile the local dodgingand burning technique
canbecomputationallyexpensve, the procesdendsitself to
adaptiere nement.In otherwords,we canvary thenumber
of adaptatiorzonesdependingnthelevel of detailwe wish
to presere. This allows usto tradeoff ef ciency andaccu-
ragy, which canbe crucial for interactve applicationsThis
ideaisillustratedin Figurel, whichshovsthreeimagegone
mappedusingReinhardet al's operatorAs we increasehe
numberof zones(from left to right) the computationtime
alsoincreasesHowever, we areableto betterpresere the
detailin booktext.

3. SystemOverview

Tonemappingalgorithmsrequireno high-level geometricor
textural information from the applicationin orderto com-
pressthe nal output.We canthereforedecoupleour tone
mappingsystemfrom ary applicationthatwantsto useit.

3.1. Library API

Our systemis implementedn a library thatexportsa small
API (shawn in Tablel). The API canbeusedby anapplica-
tion to compressts outputprior to display The application

tminit Initializesthetonemappingsystemand
allocatesvideo memoryfor storingin-
termediataesults.

Marks the start of renderingto be
compressed.This function retagets
all OpenGLcallsto the oating-point
buffer allocatedby tminit

Turnsoff thetonemappingsystemand
returnsthe applications renderingcon-
text to the exact OpenGLstatethat ex-
istedatthetime of tmEnable .
Executegheactualtonemappingalgo-
rithm. Thecompressednageis heldin
a buffer local to the tonemappingsys-
tem.

Binds the output buffer of the tone
mappingsystemto a speci ed texture
unit. The applicationcanthenusethat
textureto displaythe resultor readthe
databackfor furtherprocessingr stor
age.

tmEnable

tmDisable

tmCompress

tmBind

Table 1: The interface betweenthe application and our
tonemappingsystemThesystenexportsa simpleAPI that
allows the applicationto control whenits outputis com-
pressed.

must rst call tminit() onceduring startupto initialize
the tone mappingsystem.During the applications display
routine, a call to tmEnable() causesall OpenGL calls
to be redirectedinto an off-screenbuffer in video memory
thatis local to thetonemappingsystem.Onceall rendering
is completed the applicationusestmCompress() to in-
voke the dynamicrangecompressioralgorithm. Theresults
of this algorithmareplacedin anotherbuffer, which canei-
therbeboundto atextureunitusingthetmBind()  function
for displayby theapplicationor sentto thedisplayon behalf
of theapplicationby thelibrary itself.

3.2. Data Layout

In mary casesit is not possibleto represenhigh dynamic
rangeimagery using only 8-bit color precision.Floating-
point supportis requiredto storethefull rangeof theimage
aswell asto resole small differencesbetweenpixel val-
ues.Becausamary tonemappingalgorithmsinvolve multi-
ple passesvertheimage high precisionis alsonecessaryo
avoid the visual artifactsof error propagtion. Fortunately
graphicsvendorshave recently startedto provide e xible
pixel buffers (pbuffers) that supportmultiple pixel formats,
including oating-point color representationPtuffers can
be renderingtametsaswell astexture inputs. Additionally,
eachphuffer can have several surfaces,which are exactly
akin to thefront andbacksurfacesusedfor double-luffered
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Figure 2: A block diagramof our systenfor interactivetonemapping Circular blodksrepresentshades (or groupsof shades)
that performa particular part of the algorithm; rectangularblods representintermediatedata storage. The global opeiator
(Equation3) is implementedisinga singlebuffer (Buffer0) with multiple renderingsurfacesThelocal opemator (Equation5)
requirestwo additional buffers (Bufferl and Buffer2) to computethe Gaussianconvolutions.Notethat the local opefator dia-
gramillustratesonezonecalculation(usinglevel s; ands;; 1 in the Gaussiarpyramid); this procesds repeatedor subsequent

by theshades. We only executethe dashedarrow paths(andall pathsin Buffers 1 and2) if weare runningthelocal opemator.

rendering.In our tone mappingsystem,we storeall image
datain thesurfacesof several oating-point pbuffers.

A high-level view of our shadersand the data ow be-
tweenthemis presentedn Figure2. The systemis divided
into two conceptualcomponentsThe rst usesa single
phuffer to storethe initial HDR input from the application
aswell asseveralintermediatecalculationsneededo com-
pute Reinhards$ global transferfunction (Equation3). The
secondcomponentequirestwo additional pbuffers, which
areusedto computeGaussiarconvolutionsandaccumulate
localadaptatiorzonedor thelocaldodging-and-brningop-
erationsArrowsin the gure representendemassesyhere
pixel datais manipulatedandtransferreetweerbuffers.

4. Implementation

In this sectionwe describen detailhov we computeEqua-
tion 3 (the global operator)and Equation5 (the local op-
erator)in graphicshardware.All of our algorithmsareim-
plementedusing the OpenGL Architecture Review Board
(ARB) fragmentand vertex instructionsets.In the follow-
ing text we frequentlyusethe term buffer quite generallyto
denoteary form of renderingtarget. Thesebuffers, as de-
scribedin the previoussectioncanbecomposedf multiple
4-channeburfacesIn mary casesimplementatiorof theal-
gorithmswill requirerenderingbackandforth amongthese
surfacego avoid readingfrom andwriting to thesameblock
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of memory but we omit thesedetailsin our explanationof
thealgorithms.

4.1. Global Operator

The global operator(Equation3) is a monotonic,perpixel
transferfunction that mapsworld luminanceto display lu-
minance.lt is thereforequite simple to implementon the
GPU, requiringonly a few renderpassesThis s illustrated
in theleft half of Figure2. Startingwith the outputfrom the
application we transforminto the luminancedomain.In the
samepass,we computethe log luminancefor every pixel,
storingthe luminancein oneoutputchannelandthelog lu-
minancen anotherUnfortunately computingtheglobalav-
erageof thelog luminancevaluesrequiresa multi-passap-
proachin currenthardware,which lacksary sortof global
accumulatarThe most straightforvard approachis to per
form repeateddowvnsamplingsaveragingfour neighboring
valuesdown to onein eachpasswith afragmentshaderthis
is exactly equivalentto building amipmapfor traditionaltex-
turesandis the approachalsousedby Kriiger et al.18, With
this method,the log(n)™ pass(wheren is width of the im-
age)resultsin a singlevaluewhich is thelog averagelumi-
nanceThisvalueis thenreadbackinto systemmemoryand
boundas a parameteto the fragmentprocessarin a nal
rendempasswe accessheworld luminancely ateachpixel
(ascalculatedin the rst pass),scaleit accordingto Equa-
tion 2, andthencorvert it to displayluminancelLy accord-
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o

Figure 3: A blodk diagram illustrating how we perform
Gaussianconvolutionson the GPU. We store ead 4-vector
elemenbfal n Iter kernelin systemmemoryand bind
thevaluesasparametes to the fragmentpipeline Likewisg
we compesstheimage (scalarluminance)into a 4-channel
texture map (shownin the bottomright). In this gure, the
registerusedo store eat elemenbfthekernelis labeledcO.
e bind the source image to texture unit 0 and accumulate
previousresultsfromtexture unit 1. Arrowsthat correspond
to the samerenderpassshare the samedrawing pattern.

ing to Equation3. To recover the compressedRGB display
value,we scalethedisplayluminanceaccordingto:

a a

G a
Ry = & Ly;Gg = 2w Lyg;Bg = % Ly (6)

LW I—W LW
wherea controlsthe saturatiorof the recovery; typical val-
uesof a are0.4 0.8.

4.2. Local Operator

Reinhards local tone mappingoperator(Equation5) pre-
senesdetailby addingalocal-areduminancetermto Equa-
tion 3. In order to evaluate the centersurroundfunction
(Equation4) usedto determinelocal adaptationwe must
rst performa seriesof Gaussiarconvolutionson the GPU.
For largeimagesor large kernels,it would be moreef cient
to performthis calculationin frequeng space,wherethe
convolutionscanbereplacedvith aperpixel multiplication,
but this would requirean implementationof FFT in hard-
ware,andsucha methodhasonly recentlybeendeveloped;
seeMorelandand AngeP? for details.The OpenGLimage
subseextensionprovidesmethoddor performingseparable
convolutionsin theframebuffer3! asanalternatve, but sup-
portfor this extensionis missingon our targetplatform. We
thereforefound it necessaryo implementan algorithmfor
performingarbitrary-sizecdconvolutionson the GPU.

For example,givenal n Iter kernel,we canexpress
convolution at a point asa sumof 4-vectorproducts.Since
mostGPU assemblylanguagegprovide a highly optimized

4-vector dot productinstruction,we can perform cornvolu-
tions ef ciently by transforminga scalarvaluedimageinto
anarrayof 4-vectors.We startby bindingfour offsetsaspa-
rametergo thevertex processofTheseoffsetscorrespondo
thepositionof the lter kernelrelative to theimage.For ex-
ample,in eachdimensionve de ne offsetsthatstartat n=2
andultimately spanthe interval n=2 to n=2. We thenras-
terizeanimage-sizedquadto generatdragments.The off-
setsareusedby therasterizeto generatdour setsof texture
coordinatedor every pixel in the sourceimage,eachcorre-
spondingto an adjacentpixel. We load thosefour adjacent
pixel valuesinto a single4-vector oating-point register By
storing part of the Iter kernelin anotherregister we can
computeaportionof thecorvolutionwith asimpledotprod-
uct. In the next rendermpasswe repeathis processisingthe
next 4-vectorelementof the kerneland correspondinger-
tex offsets,accumulatinghe resultsof eachof thesepasses
aswe goalong.Theentireprocesss illustratedin Figure3,
which shaws the threerenderpassegequiredto convolve
with al 11 Gaussiarkernel. The processs identicalfor
arbitrary-sizediters; for symmetrywe padeachkernelwith
zerosuntil it is amultiple of four.

Using the methodjust describedwe can Iter animage
with ann n separablekernelin n=2+ 2 renderpasses.
We found thatin somecaseshowever, it is more ef cient
to computemultiple 4-vectorproductsperrenderpass.This
approachreduceghe numberof passesequiredto compute
a convolution, thusreducingary overheadassociatedvith
binding new shadersparametersor textures.As an exam-
ple, considera 49 49 Gaussiarkernel.Using the method
above, it would take 26 passego cornvolve this kernelwith
ary sizeimage.By exploiting the rasterizers capability of
generatingmultiple texture coordinatesper fragmentand
bindingmultiple 4-vectorcomponent®f the kernelasfrag-
mentpipelineparametersye canperformthreedot products
per passinsteadof the singleonedescribedabove. This re-
ducesthe total numberof passesdy morethanhalf. Note,
however, thatthe speedupn practiceis only about25%;we
have notfundamentallyeducedhenumberf 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 onedimensiorto chooseheappropriaté&kernel,while us-
ing theotherdimensionto accesspeci ¢ 4-vectorelements
of the kernel. While this eliminatesthe needto repeatedly
transferthe kernelfrom systemmemoryto GPUregisters;jt
requireshatwe performanextratexturelookupin thefrag-
mentprogram.This additionaltexture memoryaccessctu-
ally causedhe algorithmto run slower, suggestinghatthe
systemis memory-bandwidthimited. Furtheroptimizations
would thereforerequirethat we reducetexture memoryac-
cessein someway, perhapdy combiningreadsn amethod
similarto theoneusedby Bolz etal 3. We discusshisfurther
in Section6.1.
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While performing ary kind of corvolution, it is im-
portantto properly deal with boundaryconditions.In our
current implementation,we use the common approach
of replicating boundary pixels for all data accessthat
falls outsidethe boundsof the image. In graphicshard-
ware, all accessto the image domainis through normal-
ized (0 to 1) texture coordinates.We replicate boundary
pixels by setting the GL_TEXTURE_WRAParameterto
GL_CLAMP_TO_EDGHvhich guaranteeghat all texture
coordinatesutsidethe normalrangereturn boundaryval-
uesfor agiventexture.

4.3. Calculating adaptation zoneson the GPU

With a GPU-basednethodfor performinglarge kernelcon-
volutions,we caneasilycomputeV(x;y;s;) for ary level 5
in a Gaussiarpyramid. We could startby pre-allocatinghe

buffer, but this could resultin the useof large amountsof
videomemory especiallyif theimageis screen-sizeAll that
is necessaryo determinea pixel's zoneis the differencebe-
tweenneighboringevelsin the pyramid,sowe canperform
all Itering computatiorusingjusttwo buffers.In additionto
beingmemory-eftient, this approachmalesit easyto dy-
namicallydecidehowv mary zonesto calculatewithout hav-
ing to transferpixel dataamongseveral renderingcontexts.

Althoughwe cancomputeall theadaptatiorzonesusinga
singlepasgyivensufcient hardwareresourceshisrequires
extensve use of conditionalsin the fragmentshader We
would needto evaluatethe centersurroundfunction at ev-
eryresolutionin theGaussiampyramid,usingconditionalsat
eachlevel. Becausdragmentprogramsexecutein lock-step
ona SIMD architectureconditionalsarevery expensve; all
executionpathsareevaluatedon all fragmentsFurthermore,
suchafragmentshademwould have to have simultaneousic-
cesdoall levelsin theGaussiampyramid,meaningvewould
haveto precomputevery ltered imageandbindthemasin-
puttexturesbeforecalculatingzonesin orderto avoid these
complicationsyve build theadaptatiorzronemapin multiple
passesisinga cumulatie process.

In a given renderpass,we mark all pixels correspond-
ing to a singlezone.This processnvolvesfour buffers: two
buffersusedto storeadjacentevelsin the Gaussiampyramid
andtwo buffersfor accumulatingadaptatiorzones.For ex-
ample if we have alreadycalculatedzonei, we cancalculate
zonei + 1 usingthefollowing steps:

1. Filter thescaleduminanceaccordingto level si. 2 in the
Gaussiarpyramid.

2. Setthe zonebuffer usedto storezoneso; :::;i
rendertamget.

3. Bind Gaussiampyramidlevel si; 1 ( Itered in theprevious
pass)and s, aswell asthe remainingzonebuffer as
inputtextures.

4. Renderanimage-sizedjuadwith the zonecomputation
fragmentshaderctivated.

1 asthe
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Figure 4: Anillustration of howwe accumulateadaptation
zonedn graphicshardware. We usetwo buffers to store ad-
jacentlevelsin a Gaussianpyramid, which is labeled sO
throughs3. Thezoneinformationis accumulatedisingan-
othertwo buffers which weuseasalternatingrendertargets.
Thearrowsin the gure are drawn with different patterns
to distinguishead renderpass.Arrowsenteringthe shacer
block representnput texturesfor that particular pass.

The shademve useto calculatezoness a straightforvard
implementationof a centersurroundthreshold.For every
pixel wherejAdivity(x;y; s)j > €, we outputthe luminance
from level 5 to thetargetbuffer. A texturelookuponthein-
put zonebuffer allows us to determinewhethereachpixel
hasalreadybeenassigned zone;thosethathave arecopied
throughto the target buffer. Pixels for which no zone has
previously beenselectedand which are not chosenfor the
currentzoneby theabove inequalityareleft unmodi ed and
emptyin thetarget buffer usingthe fragmentkill operation
of the graphicshardware. This processs illustratedin Fig-
ure 5 for the calculationof threezonesusinga total of four
levelsin the Gaussiarpyramid.

Figure5 shaws false-colorvisualizationsof a zonemap;
oneimageis computedusing our softwareimplementation
of Reinhards local operator(Equation5), andthe otheris
computedin hardware. A total of eight zonesis shawn;
darker region representarger discontinuitiesin the lumi-
nance.The imagesare nearly identical; the small disparity
is dueto oating-point imprecisionon the GPU (seeSec-
tion 5.2for anerroranalysis).

4.4. Time-DependentModel

Interactive applicationscanoftensuffer from largetemporal
discontinuitiesn dynamicrange(when,for example,alight
sourcecomesinto view). We would like our tone mapping
algorithmto smooththosediscontinuitiesover time in or-
derto createamorenaturalandplausible-lookinganimation.
To dothis, we have incorporateda modelof time-dependent
adaptatiorproposeddy DurandandDorseg/®. The detailsof
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Figure 5: False-colorvisualizationsof theadaptationzones
map as geneated using Reinhad's local operator (Equa-
tion 5). Ead of theeightzonevaluesis normalizedbetween
0 and 1, whele darker regionsrepresentower levelsin the

Gaussianpyramid. We use 0.05 for the activity threshold.
Theimage ontheleftis genertedin softwae, andtheimage

on theright is fromour GPU implementationThetwo im-

agesare nearlyidentical; differencesarisedueto the GPUs
limited oating-point precision.

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

This modelsimulatesboth multiplicative and subtractve
light adaptationby applying a global multiplicative scale
factor m during the mapping from world luminance Lw
to display luminancely (Lq = mLw). Whenthe dynamic
rangechangesuddenlysensitvity recoseryis simulatedby
changingm with an exponential lter: %’“ = D™ where
m istheunmodi ed scalefactorthatwould beusedwithout
time-dependeradaptationandt is a parametecontrolling
how fasttheviewerwill adaptto changesn light intensity

To usethis modelin our GPU-basedystemwe applythe
exponential lter to thelog averagduminance(Lw) for each
frame.Recallthat Reinhards operatorrst scalesworld lu-
minanceby Ei (seeEquation2), mappingtheoverall bright-
nessof the inm%ageto a subjectve key value a for display
Modulating the log averageluminanceby the exponential

lter is thereforeequivalentto controllingthe gainmin Du-
randScaseWethereforaJse%tﬂ = LWt Lv to simulatelight

adaptationwhereL, is thetargetlog averageuminance.

Althoughthis is a simplemodelof adaptatiorandis not
physically based(Durandand Dorsey give more involved
modelsthat more closely mimic the humaneye), it pro-
ducesqualitatively reasonableesults.Our experiencehas
beenthat the presencef a time adaptatiormodelis much
moreimportantthanthe detailsof themodelitself, sincethe
visual contentoften changesmuch more quickly thanthe
dynamicrange.

5. Results

All of our experimentshave beenconductedusingthe ATI
Radeon9800 Pro graphicscard. This architecturesupports
medium-precisior(24-bit) oating-point computationsand
texture maps.All exampleimagesandtiming reportswere
recordedon a dual-processoAMD Athlon 1800+MP sys-
temwith 512MB of memoryrunningWindows XP.

To testourimplementationye developedanOpenGLap-
plication that useshigh dynamicrangetextures.The appli-
cation rst createsa window of the samesize asthe HDR
imageto becompressedlheapplicationthenrendersafull-
window quadthatis texturedwith the HDR image.Without
tonemapping,the outputis clampedto the rangeof 0 to 1.
Our applicationallows theuserto pana“tone mapwindow”
over theimageto run our algorithmon a subsetof the full
HDR image.Thisallowsusto testourtime-dependenhodel
easilyby panningbetweerdarkandbrightregions.Ouralgo-
rithmsareinvokedsimply by drawving thetonemapwindow
guadwith our pixel shadersFigure6 showvs a screenshobf
thistestapplication Thebackgroundmageis adirectoutput
to theapplications framebuffer; thesmallerviewport shavs
thetonemappedportionof theimage.

5.1. Performance

In thissectionwe discusgheperformancef our GPU-based
tone mappingsystem.The graphin Figure 7 gives frame

Figure 6: A 1024 1024 HDR image frominside the Ro-
tundaat U.Va. Thedynamicrange is roughly150,000:1The
badkgroundis clampedto the range of 0 to 1; the smaller
image (512 512 is compessedisingour hardware imple-
mentationof Equation3.

¢ TheEurographicsAssociation2003.
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Figure 7: A log graph of framerate achieved by our sys-
temcompaedto framerate of a CPUimplementatiorof the

samealgorithms. The curvesshowdata for three different
image resolutionsandzonesangingfromzeo to eight. For

the 256 256 case we can maintain>20 fpsin all cases.
However, for 512 512theframerateis not quite interac-

tive for a large numberof zones.

ratesachiezed by our systemaswell asframeratesfor the
samealgorithmsimplementedn software. We shouldnote
that our CPU implementationis by no meanshighly opti-
mized, but it is reasonablyefcient. As with the GPU, we
build the Gaussianpyramid using spatial corvolutions in-
steadof moreef cient frequeny spacetechniquegasused
by Reinhardet al.). In additionto this we usea relatively
expensve recovery function (Equation6). However, thetwo
implementationsireconsistentith regardto complexity.

In thecaseof theglobaloperator(zerozones)we areable
to achieve extremelyhigh frameratesfor all of thelistedim-
ageresolutionsThisis notreally surprisingconsideringhe
simplicity of thetransferfunction.In fact,we foundthatfor
the global operatora substantiaportion of the computation
is spentbuilding the mipmap.For example,disablingthis
stepresultedn roughlya 60%speedupn somecasesHow-
ever, asthe numberof zonesincreasesaddinglocal adapta-
tions,the Gaussiarconvolutionsquickly becomethe bottle-
neck.To computeeight zoneswe mustconvolve with Iter
kernelsrangingfrom 3 3 pixelsto 49 49 pixels. Even
with an efcient GPU-basedcorvolution algorithm, such
large kernelsprevent us from maintainingreal-timeframe
rateson today's hardware.With eightadaptatiorzones,our
systenrunsatarounds Hz fora512 512imageand20Hz
at256 256.While 5 framesper seconds not interactve,
it doesshavcasethe sheercomputationapower of thefrag-
menthardware,andreal-timeframerates(>30 Hz) areeas-
ily achiezableif we limit oursehesto smallerimagereso-
lutions or a smallernumberof zones.A gallery of results
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at512 512 generatedat roughly 30 Hz eachis shawn in
Platel.

The givenframeratesare calculatedrom thetime taken
to runthetonemappingalgorithmin hardware.The overall
frameratewould obviously be lower whenwe factorin the
time taken by the applicationitself. The suddenfalloff in
frame rate whenwe move from the global operatorto the
local oneis simply dueto additionaloverheadincurredin
thelocal case(signi cantly morememoryreadsandwrites
mustoccurto preparefor thezonecalculations).

5.2. Accuracy

Tone mappingalgorithmscan be quite susceptibleto nu-
mericimprecision,andthis is especiallytruefor local oper
atorsbecausef their computationatompleity. For exam-
ple, without sufcient precisionwhenevaluatingthe center
surroundfunction, it is possiblethat some pixels will be
assignedncorrectadaptatiorzones.This canintroduceun-
pleasantisualartifactssuchashalosin thecompressedn-
age. Becauselocal operatorstend to require signi cantly
more computationthat global operatorsary shortcomings
in precisioncan bring about compoundederror. In order
to avoid theseproblems,softwareimplementationof tone
mappingalgorithmstypically storedataandperformall cal-
culationsusing IEEE (32-bit) single-precisionoats. How-
ever, our taiget GPU architecture ATI's Radeor8800,0nly
supports24-bit oating-point computationsin an effort to
guantify the effectsof this limited precision,we have run a
seriesof experimentscomparingoutputfrom the GPUto a
softwareimplementatiorof the samealgorithm.To compare
theresults,we evaluateRoot MeanSquared RMS) percent
errorbetweerthe CPUandGPUimplementationss:

v
u 2
H 1o pepu(Xy)  PgpulXy)
erroiRMsY% = = — 7
Rus% =" nd Pepu(X;Y) @

wheren is the numberof pixelsin the imageand p(x;y) is
the pixel value.We alsoevaluatethe meanpercenterroras:
1 X; X;
erMOhyearss = ~ & Pepu(XY) pgpu( Y)
n Xy pCDU(X: y)
Table 2 gives error calculationsfor imagesresultingfrom
severalstagesn thealgorithm.

(8)

Thescaleduminanceerrortakesinto accoun@all numeric
inaccuraciesaccumulatedoy the repeatedaveragingtech-
niqgue as well asthe transformto luminancespace.Given
the simplicity of thesecomputationsyve would expectthis
error to be small, and our experimentsveri ed that this is
in factthe case.The corvolution examplesshow the effects
of 24-bit oating-point precisionover the courseof mary
renderingpassesNaturally, theimagethatwas Itered with
the larger kernel containsmore error. The local arealumi-
nancemagehasa muchhigherpercenterrorthanthe previ-
ousexamples.This is dueto the factthateven small errors
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Image(computation) RMS% error mean% error
Scaleduminance 0.022% 0.022%
Convolution(5 5) 0.026% 0.026%
Cornvolution (49 49) 0.032% 0.032%
Localarealuminance 4.552% 0.764%
Finalimage 1.051% 0.177%

Table 2: RMSpercenterror and meanpercenterror for dif-
ferentstagesin our GPU implementatiorof Reinhad etal's
local tonemappingoperator. Thesevaluesare calculatedby
treatingthe outputfromour CPU implementatiorastheac-
ceptedvalue Therelativelylarge RMSpercenterror for the
local arealuminanceimage canbe attributedto slight vari-
ationin the numberof pixelsin eac zone

in thethresholdcomparisortancauseslightvariationsin the

boundariebetweerzonesin otherwords,if thewidth of the

Gaussiarkernelincreasesigni cantly betweerlevelsin the

pyramid (asit doesin this algorithm),small nite difference
errorscanresultin large errorsin the local arealuminance
image.Fortunately we have foundthatthe visualimpactof

thisis moreor lessnggligible, andtheerrorin the nal tone
mappedmageis signi cantly smaller

6. Discussion

We have shavn that the graphicspipeline has sufciently
evolved to supportsophisticatedone mappingalgorithms
and compressimagesat interactve rates. This is not a
panaceahowever. Many questiongemain,including when
interactize tone mappingis mosteffective, and which tone
mappingalgorithmsare bestsuitedto interactve applica-
tions.

6.1. Optimizations

A troublesomeaspectof GPU programmingis that it re-

quiresexceedinglycareful optimizationin orderto extract
the performanceave would expect.A numberof factorscon-
tribute to this problem,suchas memorybandwidth,driver
overhead(especiallycontet-switching overhead) etc. Ap-

proachego theseproblemshave beenexploredat lengthin

several recentpapersjncluding Bolz et al.2 andGoodnight
etalll,

Of particulamoteis a caveatto the useof phbuffers,which
isthatthey cannotsharearenderingcontext with theapplica-
tion. Context switchingcanbecomea serioushottleneckfor
an algorithmthat musttransferdataamonga large number
of buffers.We have minimizedcontet switchingby allocat-
ing pbufferswith multiple renderingsurfaces(GL_FRONT
GL_BACKGL_AUX, etc.),all of which sharethe sameren-
deringcontet. While we have beenableto implementiarge
portionsof our tone mappingalgorithmusingonly a small

numberof buffersfor datastorage someamountof context
switchingis unavoidable.

The remaining major bottleneckis certainly memory
bandwidth aswe would expectin thesetypesof algorithms.
Memoryaccessesanbereducedsomavhatby moretightly
packingthedat&, a techniquethatworkswell for a number
of general-purpos&PU algorithms.In the caseof interac-
tive tonemapping,however, this datapackingstep(andthe
associatedinpackingafterward) would have to occuronce
per frame, making it unclearthat sucha techniquewould
give asigni cant speedup.

6.2. The Effect of Varying Frame Rate on Our
Time-DependentModel

Obviously, we only have an opportunityto apply our tone
mappingalgorithmonceperframe.Whenwe apply the ex-

ponentiallter describedn Sectiord.4,we needanestimate
of the elapsedime Dt in orderto determinehow muchto

changethe gain m. If the framerateis very high, thenDt is

low andm changesmoothlyover time, giving a very con-
vincing impressiorof adaptation.

If, however, theapplications framerateis low, thenusing
elapsedwall-clock time in our time-dependentodelgives
riseto largeluminousdiscontinuitiesAlthoughapplications
with low frameratestendto have large spatialdiscontinu-
ities which severely detractfrom the userexperience com-
poundingthatproblemwith visualadaptatiordiscontinuities
seemgo male the experiencequite unpleasant.

It is thereforeadvisableto establishsomemaximumes-
timate of elapsedtime when applying a time-dependent
model. If the frame rate dropsbelonv somethreshold,the
estimatecelapsedime will thenremain x ed. This hasthe
effect of slowing down the adaptatiorwith respecto wall-
clocktime, but the effect appearsnuchlessupsettingto the
user Otherheuristicssuchasboostingthe valueof t if the
framerategetstoo low might befruitful aswell, but the key
is to avoid severeadaptatiordiscontinuities.

7. Conclusionand Futur e Work

We have describedour implementationof a state-of-the-
art tone mappingalgorithm using programmablegraphics
hardware. Our time-dependentersionof Reinhard$ pho-
tographictonereproductioralgorithmachiezeshigh refresh
rates.In addition,our ability to adda time-dependenterm

to thetonemappingalgorithmmakesit quite suitablefor in-

teractie simulation.

Thereare a numberof directionsfor future work. First,
we would like to implement our algorithm as a non-
invasive add-onfor unmodi ed OpenGLapplicationsusing
the Chromiumframework!4. It shouldbe straightforvardto
allow an unmodi ed applicationto renderdirectly into a
oating-point texture,andwe canthenapply our algorithm

¢ TheEurographicsAssociation2003.
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whenever the applicationswaps buffers. This would allow

arnyoneto experimentwith the useof high dynamicrange
texturesin an interactive application.We could thus allow

existing gameslike Id Software's Quale Ill: Arenato use
special oating-point texture mapsto drav very bright re-
gionssuchasexplosionsor thesun.In addition,our OpenGL
replacementould enablea vertex programto computea
standardOpenGLIlighting modelwithout clamping,allow-

ing anordinaryOpenGLprogramto bene t from HDR ren-
deringwithout requiring selectve texture replacementBe-
causethetonemappingalgorithmsrequireno high-level in-

formationfrom theapplicationary applicationcouldimme-
diatelybene t from areal-timetoneadaptatiormodel.

Secondjt would be usefulto designan extendedAPI so
thatHDR-avareapplicationsouldcontrolthetonemapping
subsystemFor example,the API could allow usersto con-
trol tonemappingparametersuchasthe “key level” a and
thresholdein Reinhards algorithm.Applicationsmightalso
desireto damptheHDR compressiotevel neartheextremes
of the dynamicrangeto let moreor lessof theimagewash
out. More generally we would like to explore the extentto
which rapidinteractie changeaffectsthe perceptualitility
of precisetone mapping.Providing a feedbackmechanism
for theapplicationto controlperformancdy specifyinghow
aggressiely to presere detailwould bewould benecessary
to conductsuchexperiments.
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4:1 53:1
56:1 140:1
621:1 905: 1

Plate 1: Aseriesof512 512HDR imagesthathavebeentonemappednthe GPU usingEquation5. Underneathead image
is thecompeessiorratio achievedby our algorithmusingtwo adaptationzonesAll imageswere generatedat nearly 30 Hz.
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