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Abstract

Monitor intensity rangesare much lower than the range
of intensitiesin the real world or even in high quality

renderingsRenderingn highdynamicrange(HDR) is be-

comingmore commonin computergraphics.HDR video

camerasarealsoavailable. The processof compressing

singleframe of HDR data(real or synthetic)into a range
displayableby monitorsis calledtonemapping.Videos(a

realor syntheticsequencef imagesyequirethistechnique
aswell. Tone mappingvideo introducesa temporalcon-

straintto maintain consistentintensitiesbetweenframes.
We presenta novel method,calledadaptie temporaltone

mapping, which provides smooth intensity transitions
in tone mappedvideo, while allowing for discontinuous
dynamiclighting changes(suchas turning on a light or

exiting atunnel).
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1 Intr oduction

High dynamicrange (HDR) imagesand video (a real or
syntheticsequencef imagesyrebecomingmorecommon
andimportantin computergraphics. The dynamicrange
of mostdisplay devices (suchas monitors, printers, and
projectors)is much lower than the dynamicrangefound
in real-world scenesandin high quality renderings. The
ability to displaytheseHDR imagesandsequencesn low
dynamicrangedevicesis desirable. The processof map-
ping high dynamicrangeimagesto be displayedon low
dynamicrangedevicesis known astonemapping.

While tonemappinghasbeena researctocusin re-
centyearq1, 2, 3], workin this eld is notnew [4, 5]. HDR
imageshave shovn to beusefulin avariety of applications
[6, 7, 8,9, 10, 11]. Tonemappinghasbheenaccomplished
throughexplicit models humanvisual systemmodels,and
luminancemapping.

In computergraphics,two temporaltone mapping
methodshave beendeveloped.in work presentedy Kang
etal. [12], video with alternatingexposuretime is con-
vertedinto tonemappedHDR video. In their method two
secondof video (at fteen framesper second)is usedto
computea log averagduminance.This methodassumesa
slowly changingscenentensityandis dependentiponthe
methodpresentedy Reinhardet al. [1]. In Pattanaiket
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al. [13], temporaltonemappingis basedon the humanvi-
sualsystem(HVS). Whenanabruptlighting changeoccurs
in animagesequencethe tone mappingoperatorequires
multiple framesto adjustto the overall luminancechange.
This temporalconstrainis modeledafter the hysteresisof
the HVS. Our modelquickly adaptgo luminancechanges
to allow for the greatestperceptuaklarity in eachframe
while maintainingtemporalcoherence.

We alsohave chosento extendthe methodpresented

in [1] dueto its simplicity and speed.However, our tem-
poralmethodextendsto ary tonemappingoperatomwhich
usesa luminancemappingoperator Given a sequencef
HDR imagesthe luminancebetweertone mappedrames
without temporal coherencemay vary enoughto cause
ick ering. In an HDR video, adaptvity of the key map
[14, 15, 16] mayberequiredto allow for the highestqual-
ity low dynamicrangevideo. Our methodallows for quick
luminancechangesvhereexpectede.g. turningonalight)
while maintainingsmoothtransitions.

2 Background

The methodof Reinhardet al. [1] usesthe luminanceof
pixel valuesto computea global log averageluminance
value. Using RGB values,the pixel luminancel p(x;y) is
computeday:

Lp(xy) = 0:27R+ 0:67G+ 0:06B Q)

Thismethodwasdevelopedor tonemappingstrictly single
framesthroughthe useof log averageluminancel ;. Each
frameis consideredo have N pixels. Thisframeluminance
is computeddy:

I

1,
Li=eq =8 log(d+ Lp(xy) @
Xy

L(x;y) de nes the scaledpixel luminance. We obtain
L(x;y) by a userde ned key valuea andthe framelumi-
nance.

L(xy) = L%Lp(x;y) 3)

Thekey valueis generallysetin therangeof 0 to 1 although
in very darksceneshighervaluesmaybring desirablecon-
trastto a scene.To performtone mapping,a value Lyie
is required. Lyhite de nes the maximumluminancethatis
setto white in the scene.By settingL e lower thanin-
nity , burn outmayoccur, but contrasin thescends often



improved. Thetonemappingoperatotis then:

Lecy) 1+ 2

white (4)
1+ L(xy)
This is the tone mappingoperator(without dodgingand
burning)presentedh [1]. Toacquire nal RGBvaluesone
cansimply multiply the original pixel high dynamicrange
[HDR] valueshy L of the samepixel.

Li(xy) =

3 Algorithm

Temporalsequencesf video requiressereral changego
the tone mappingalgorithm. The rst major changecre-
atesa luminancel; dependenbn a numberof frames. L;
replaced ¢ in Equation3. The approackpresentedn [12]
forcesL ; to depencdbn a statichumberof framesn. Mnow
representshe numberof pixelsin n frames.Their method

isimplementedy:
!

Li=ep & log(d+ L(xy) ©)
Xyl

Our methodallows the numberof framesn to adaptac-
cording to the sceneluminance. This adaptationallows
swift changesn luminancewhennecessarye.g.,alight is
switchedon). To ensurehatall transitionsaresmooth,we
forceasmallnumberof frameg(5) to beaveragedWe limit
the maximumnumberof frames(60) averagedto prevent
over-computationand other temporalartifacts. We store
the averagelog luminanceperframe(L+.), ascomputedn
Equation2. Ourtechniqueproducesa new valuel, to re-
placethevaluel; aspresentedn Algorithm 3.1.

Algorithm 3.1, describesn detail how to obtainL,.
Simply, we averagethe luminanceof thelastfew framesas
long astheframe'sluminanceis within atolerancdimit of
thecurrentframeluminance Whenwe nd aframeoutside
of ourtemporalwindow or is outsideof ourluminancewin-
dow, we do not averagethis frameor ary furtherframes.

Thevaluel, is now usedin the placeof L¢ in equa-
tion 3. For scenesvith changinguminancechangesn the
key valuea may alsobe necessarySettingthe key value
in still framesor photographsequiressomeknowledgeof
thedesiredbrightnessn the nal images.In avideo,some
knowledgeof the changen key valueis alsorequired.We
acquireframe speci ¢ key valueswith the following for-
mula:

a= a arctar(b(Ly 9¢)+ ag (6)

Theconstantsn Equation6 aredesignedaccordingo taste
andpreferenceTheeffectsof changingheseconstantgan
beseenin Figurel.

To determinghekey valuefor aframein animagese-
guencewe usea low-passlter algorithm. First, we store
thekey valuesfrom Equation6 asa;. Then,usingthenum-
ber of frames(NumFame$ from Algorithm 3.1, we per
form thelow-passlter to acquirethe new key valuea,, as
shavn in Algorithm 3.2.

Algorithm 3.1: La(Ly,)

range= 0:1 Ly

minL= L, range

maxL= Ly + range

j=1

while (j > 0Oandi j< 60)

(
if (ij > minL and Lt < maxL)
= 1
elseif i j)<5
=i 1
else
break
)
NumFames=i j+1
totaljgg= 0

for(k=i;k j;k=k 1)
totaljog = totalog+ L,
La = exp(total,g=NumFrame$
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Figure 1. The resultsof different constantsn Equation
6. As a increasesthe amplitudeof the curve increases
(changingaffective key-values).As b increasesthe slope
of the curve is affected. Changingb allows for slower or
fasterkey-valuechangedasednlog averagduminance.

Algorithm 3.2: KEY-VALUE(&)

an=0;

for(j=1i;i j< NumFamesj=j 1)
an = ant a;

an = ap=NumFrames




We combinealgorithms3.1and3.2 into onefunction
with optimizationgfor greateef ciency. We now complete
thetonemappingoperationasbefore.

Lp(xy) = 0:27R+ 0:67G+ 0:06B
an

L0cy) = Lhe(xy)
a
Lcy) 1+ L2

0 . _ wnite

Li(xy) = 1+ [qxy)

4 Results

Our methodruns at approximately70 framesper second
on a 2.00 GHz Pentium4 processarwithout le 1/O. Our
adaptve methodusesa varying numberof framesto com-
putethe low-pass Iter basedon key valuesandlog aver-
ageluminances.Thisis shovn in Figure2. Thekey value
changesaccordingto Algorithm 3.2. The frame-speci c
andactualkey valuesusedin our brightliving roomscene
areshowvnin Figure3.

In a scenewith discontinuousuminancechangeour
methodis superiorto the methodof Kangetal., sincetheir
methoddoesnot allow the key valueto adapt. A x ed
key value for an image sequencemay causeundesirable
results.A scendn which alight is turnedon demonstrates
this. With a high key value,a dark room appearsn high
contrastbeforethelight is turnedon. This sameroom ap-
pearsburnedoutafterthelight is turnedon. With alow key
value thedarkroomwill appeacompletelyblack,whereas
thelit roomwill appeaiin desirablecontrast. Also, when
theluminancen ascenechangespur methodadaptgo the

luminancewith the greatemperceptuatlarity morequickly
while maintaininggemporakoherenceThisis truebecause
our adaptve averagingrequiresaminimumof 5 framesin-
steadof the constanf30 framesof Kangetal.

In Figures4 and5, we shav the differencebetween
anHDR imagewhichis clampedscaled andtonemapped
with our method.In Figure6, we shav varioustechniques
appliedto aliving roomsceneln the rst row, thetemporal
sequencés shovn clampedandmuchof thevisible areais
burnedout. The secondow shavs the sequencevhenus-
ing a constankey valueof 0:05. Thethird row shavs one
possibleresultwhile usinga = 1000 b = 550,g= 4 for the
valuesin Equation6. Thefourth row is anothemrendering
usinga = 99995;b = 400 g= 3for theconstant$n Equa-
tion 6. The preferredquality in the lasttwo rows vary by

artist,but bothshav animprovement.

5 Conclusion

In summarywe have developeda temporaltone mapping

method(without artifacts)which allows for discontinuous

luminancechangesvhile enablingthe userto visualizethe
mostinterestingportionsof a scene.Our methodis quick
and ef cient, allowing for interactve tone mappingrates
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Figure2. Thenumberof framesusedto averagekey values

andlog averageuminancedor theliving roomscene.
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Figure3. Key valuesfor theliving roomscene.



of video thatarein main memory(70 framesper second)
andnearinteractve tonemappingratesof video streaming
from disk (3.5 framespersecond).

Our methodis faster more e xible andmore robust
thanprevioustemporatonemappingmethodsKangetal.
[12] reportedtwo secondperframefor their methodon a
2.00GHz Pentium4. Their methodis alsounableto deal
with luminancediscontinuities.

As future work, we planto develop a more sophisti-
catedow-passlter to obtainbettercontroloverthechang-
ing parametersn the scene. The key valuesand artis-
tic parameter®f tone mappingshouldalso be automated
asmuchaspossiblefor novice users.Bettervisualization
toolsfor detectegproblemareascouldallow usersto tailor
thedesiredresultsmoreef ciently .
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Figure4. Thesponzasceneclampedscaledandtonemappeda= 0:7) from left to right.

Figure5. Theteapotsceneclampedscaledandtonemappeda = 0:5) from left to right.

Figure6. Theliving roomsceneclampedandtonemappedwith variousstratgies. Discolorationalongthe ceiling andwalls of
this scenearepartof the scendtself andnot anartifactof our algorithm.



