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Abstract

Inthispape we presemamultiscak color appearanemodel
which simulates luminance patten and color processing
of the human visud systen to accuratef predid the color
appearare attributes of spectra stimuli in compkx sur-
rounding unde awide range of illumination and viewing
conditions.

1. Introduction

The aim of a color appearane modé is to predid vari-
ous visud phenomeawhich simple tristimulus colorime-
try can nat adequatsl describe Colorimety simply pre-
dictswhethe two visud stimuli of differert spectrapower
distributions will matd in color when viewed unde iden-
tical visud conditions This matchirg is defina by the
spectraresponsvities of the photoreceptarin the visual
system If the signak from the three core types are equal
for two visud stimuli, then they matd in color when seen
in the sane conditions.

The amplituce of visud stimuli tha we encountein
natura scens is vast While the respongse range of the
visud photoreceptais small the visud systen functions
over this vag range with reasonald ease It is believed
that visud systen adaps to the widely varying amplitudes
of visud stimulus by adaptive gain contol. This mecha-
nism controk the relationshp betweea the photoreceptor
signak and the amplituce of spectrastimulus by turning
down the gain when the stimulus amplituck is high and by
turning up the gain when the stimulus amplituce is low.
The gain contrd is independenfor the differert type of
photoreceptaand hene explains the visud systemn’s ca-
pability to adjug to both wide ranges of illumination and
varying colors of illumination in orde to approximately
preseve the appearane of the objed colors The non-
linear belavior of thee mechanismresulsintheincrease

in colorfulnes (Hurt effect) ard increa® in apparetcon-
trad (Stevers effect) with increasimg illumination. Most of
the color appearane modek [Hunt95Fairchild9g avail-
able today incorporat some form of adaptve gain control.

It is also known tha the appearaneof a visud stim-
ulus depend naot only on the stimulus itsef but also on
the othe stimuii that are nearly in space The spatid con-
figuration of the viewing field seens to play a critical im-
portane in the percéved appearane of a stimulus In-
duction crispenirg, and spreadirg arethreeimportart and
eay to obseve appearane phenomea tha are directly
related to the spatid surroundiig of the stimulus To ac-
court for thee effects many color appearanemodek re-
quire aviewing field specificationIn this specificatio the
viewing field is divided into as many as four components
[Fairchild98} stimulus proximd field, backgroud and
surround The effects of stimuli in thes various compo-
nens of the viewing field areincorporate into the compu-
tationd model However, all of thes modek assune ho-
mogeneoas stimulus field in eat of the componerg and
hene areinadequat for use in compkx scenes.

Physiologich and psychophysidaevidences indicate
that the photoreceptorespone image is filtered by visual
mechanismsensiiveto patterrs of differert scale and the
respone characteristisof thes mechanismmare bandpass
in the spatid frequerty doman [Wilson91] Most of the
appearane phenomea discussd in the preceding para-
gragh can be explained as consequencsof this multiscale
processig in the visud system As in the adapive gain
contrd mechanismnonlinearities in the responsg of the
bandpas mechanismresut in nonlinea variatiors in the
appearaneof a stimulus as a function of the surrounding
stimuli.

In the vision communiy, many researcher[Daly93,
Lubin94 have propose and successfull applied multi-
scak visud modes for predictirg visibility, maskirg and
othe relatad phenomena However, mog of thee mod-
els assune achromatt stimuli within a limited luminance
range ard hen@ make vely littl e predictian of color ap-
pearanceln this pape& we introduce a new multiscak vi-
sud modd tha naot only accouns for the effects of adap-
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Figure 1. Flow chart of the computationamodé of Color Appearance.
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tation and spatia vision, but also correcty predics color
appearargattributes unde awide variety of conditiorsin
compkx sceneslin the foll owing sectiors we presemthis
model.

2. The Computational Model

Figure 1 provides a flow chat of ead majar step in the
computationbmodel The modd processgan input im-
ageto encockthe percéved contrassfor thechromatc and
achromatt channe$in their band-pas mechanismsCor-
relates of brightnesslightness colorfulnesschroma hue
ard saturatio are deiived from the encode visud repre-
sentation.

2.1 Input Image Preprocessing

First, theimageis spatially samplel sudh that thebard pass
signakrepresetappropria¢spatid frequenciesThen com-
pensatiosareintroducelfor opticd point-spred and scat-
tering in the eye. The image is then spectraly sampled
to representhe visud systens initial photoreceptore-
sponses.

2.2 Spatial Decomposition

The four images representig the photoreceptoresponses
are then subjectd to spatid decomposition We chos to
usethe Laplacian pyramid approab propose by Burt and
Adelsan [Burt83]. We first calculatel a seven level Gaus-
sian pyramid using afivetap filter. Eadlevel of this Gaus-
sian pyramid represergalow-pasimage limited to spatial
frequencis half of thos of the next higher level.

The Gaussia pyramid isthen upsampld sud tha im-
age in ead level in the upsampld pyramid is a low-pass
versia of the correspondig image in the origind pyra-
mid. The upsampld pyramid has six levels Difference
of-Gaussia pyramid is then calculate by subtractig the
upsampld pyramid from the origind pyramid This re-
sultsin 6 levels of band-pasimages with pe& spatia fre-
quencisat 16, 8,4, 2, 1,and 0.5 cpd Theeimagescan be
thought of asrepresentatiosof the signakin six band-pass
mechanisrain the human visud system The lowest-kvel
(7th) low pasimage of the origind pyramidis retainel for
separat processing.

2.3. Gain Control

The difference-of-Gaussiepyramid is then converted to
adapte contras signak using a luminane gain control.
The gairs are s using TVI-li ke functions shown in Fig-
ure 2. The functiors shown have sub\Webets law betav-
ior [Chen87 which allows percéved contras to increase
with luminane level. Ead pixel in a given difference-of-
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Figure 2. Gain functiors for cones and rods.

Gaussia image is multiplied by the gain detived from the
correspondig pixel in the upsampld pyramid.

Theresultirg adapte contraspyramid imagesareanal-
ogolsto the contrasimages that Pel [Peli90], Lubin [Lu-
bin95 and Brill [Brill97] obtained However, in our model
the magnituek of thes images is afunction of the lumi-
nane level specifiel by the gain contrd functions Thisis
necessarto allow predictin of luminance-dependéap-
pearane effects Thes luminan@ gain controk are ap-
plied in the same manne to the difference-of-Gaussian
pyramid for ead of the photoreceptorsThis allows pre-
diction of chromatt adaptatia effects.

2.4. Opponert Color Processing

In the next stage of the modd the adapte contras sig-
nals for the cones are transforme into opponem signals.
This transformatio is necessar to modéd difference in

the spatid processig of achromat and chromatc signals
[Poirson93] At this stagethe rod images are retainal sep-
aratey sineetheir spatia processig attributes are different
from the cones.

2.5. Orientation Filtering, Contrast Transducers and
Thresholding

The adapte contras signak are then processé by ori-
entel bard pas filters to simulae the orientatia tuning
of thevisud system Thefiltered signak are then passed
throuch contrastransducefunctions Differert transducer
functiors are applied to ead spatid frequerty mechanism
in orde to modd the human spatid contras sensiivity
functions The transduces are also differert for the chro-
matic channed to representheir lower sensiivities and
low-pass rathe than band-pas nature Finally, the rod
systen is processé through a distind se of transducers
to represenits unique spatid characteristicsAt high con-
trad levels (> 5%) the transducefunctions convergeto a
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Figure 3. Contrag transduce functions (a) for Core achromatc mech-
anisms (b) for Core chromatt mechanismsand (c) for Rad achromatic
mechanisms.

comma square-robform to properl represenpercéved
contrag constagy [Brady95 ard introdue acompresse
nonlineariy typically found in maskirg experimensg and
color appearanemodels The contrastransducesusal in
our modd are illustrated in Figure 3. The contras trans-
duce functiors are also designe suc tha contrass that
are below threshotl have an output level less than 1.0. In
the outpu of the transducefunctions all values less than
10aresdt00.0.

2.6. Combination of Rod and Cone Signals

After the contras transducersthe rod ard core signals
are combinel (weighted combination) We assune that
the rods contribute only to the luminane signd and thus
combirethe achromatt signd from the cones with therod
signal.

At this stage in the modé we have three channet rep-
resentiig achromaticred-greenand yellow-blue apparent
contras for the orientad band-pas mechanisms These
signak modé threshodl betevior, in that any contras sig-
nals tha could not be percéved have been eliminated by
the contras transducefunctions They also modé supra-
threshotl appearanesinae the contras signak grow with
luminan@ and the signabk from chromatc channes be-
come zem at luminane levels below the core threshold.

2.7. Treatmert of the Low PassImage

The lowed level low-pas image from the origind Gaus-
sianpyramidisalso processdthroughagain contrd mech-
anign similar to the gain contrd of the band-pasimages
ard alow-pas specift non-linea transduce

2.8 Computation of Correlates of Color Appearance
Attri butes

The outpu of the modé consiss of appearanesignakin
an achromatt and two chromatc channe$ ard six spa-
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Figure 4. Prediction of induction effect.

tial band-pas mechanism plus a low-pas image Im-
ages are reconstructd from thes signak to creat acolor-
appearane mgp tha encods the apparehcolor of each
pixel in the image for its particula viewing conditions.
The correlate of the appearaneattributes are computed
from this color appearane map Differen@ metrics in
thee appearanedimensiors can be usel to derive image
quality metrics.

3. Predictions of the Model

3.1 Induction, Crispening, Spreading and Stevens
Effect

Figure 4 predics the induction effect The top images
show a gray patc on white, gray and dakk background.
The bottam images show the brightnes mags of those im-
ages obtainel from our model The mapsindicat that the
modé correctly predics the chang in brightnes of the
gray patc as afunction of backgroud luminance.

Figure 5 predics the crispenimg effect. Crispenimg is
the apparenincreag in the magnituek of color difference
when backgroud on which two stimuli are compare are
similar to the stimuli themseles [Fairchild99 The top
images correspodto a pair of gray patche on three differ-
ern background The bottam images illustrate the bright-
nes map Theimages correctly predid larger brightness
difference (crispening for the gray patchea on the gray
surrourd as compare to the gray patche on white and
dark surrounds.

The images in Figure 6 predid contras changs at a
wide range of luminane levels spannirg 9 ordess of mag-
nitudefrom 0.001 to 100,0® cd/m?. Theimagesarebright-
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Figure 5. Prediction of crispenirg effect.

nes mays of a simple scere containirg 4 patche of vary-
ing reflectance (10% 30% 70% and 90%) on a back-
grourd of uniform reflectane (50 %). Ascan beseafrom
the Figure 6, contras increase with the increag in lumi-
nance.

Figure 7 predicsthe spreadig effect. Spreadigisthe
apparehmixture of acolor stimuluswith itssurround The
image on the left shows the stimuli input to the model The
spreal of color is well captura in the hue mgp shown on
theright.

3.2 Chromatic Adaptation

Figure 8 shows the effect of chromatt adaptationThe top
row of images showsascereilluminated by anearly-white
incandesceright source a very reddis light source and
avery bluelight sour@asthey would berendere by asys-
tem incapabé of chromatc adaptation The shift in color
balane of the reproducd printsis objectionabé sinae the
humanvisud systen largely compensat&for thee changes
inillumination color through its mechanisraof chromatic
adaptation The middle row shows the renderirg from a
tone mappirg systen [Pattanaik98 basel on the visual
processig carried out in our model As our modéd treats
gain contrd in ead of the classs of cone photoreceptors
independent), it is capabé of predictirg changsin chro-
matic adaptatia similar to those tha would be predicted
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Figure 7. Prediction of spreadimy effect.

by a von Kries model However, due to the natue of the
gain contrd functiors useal to obtain increasein contrast
ard colorfulnes with luminance the degree of chromatic
adaptatia predictel by the modé is less than 100% com-
plete The lag row of images illustrate the surrourd ef-
fect on the outpu of the model The chromatt adapta-
tionismudh lessin this cae becaus of the gray surround.
Thesimages simulatethe yellowish appearaneof anillu-
minated window at dusk or abluish CRT display viewed at
adistance Thes reproductios matc our perceptios of
changsinillumination color ard replicae the incomplete
natue of chromatc adaptatio tha iswidely recognize in
the color sciene literature [Fairchild98]

Inarecern experimern [Fairchild-Johnsong&orrespond-

ing colors data were collectal using compkx images and
comparisos betwea prints unde an illuminant D50 sim-

ulatar and CRT displayswith bothilluminant D50 and D65
white points The resuls were usal to compae the per-

formane of various chromatt adaptatio transforns and
color appearanemodels The multiscak adaptatio model
describd in this pape performel as well as the bes mod-
els (including CIELAB, von Kries and modified forms of

RLAB, ZLAB, ard CIECAM979 ard significantly better
than othe models.
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Figure 8. lllustration of chromatt adaptation.

3.3, High Dynamic Range Image Reproduction

Figure 9 illustrates application of the modé to the tone
mappirg of high-dynamé range images The image on
the top of Figure 9 is linear mappirg of the origind high-
dynamct range image into the limited dynamt range of
the outpu device. The origind image had a luminance
level of approximatef 10,0 cd/m? in the outsice areas
ard 10 cd/m? in the indoar areas The image on the bot-
tom represers the mappirg obtainal by inverting the vi-
sud representatioof the image delived by our modd for
the viewing conditiors of the outpu display. In Figure 9
it is clea that far more detal can be obseved both inside
ard outsice the parking garag when theimage is mapped
using the visud model.

4. Future Work

We have calibratel our modd to correcty predid psy-
chophysichmeasuremerdat available in the literature.
We plan to further validaie the predictiors of the model
againsperceptubexperimensinvolving colorimages Our
ultimate aim is to use the predictiors of this modé to de-
velop an image quality metric to verify thefidelity in cross-
meda color reproductia ard the percéved quality of im-
ages.
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