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Abstract

Tone mapping algorithms offer sophisticated methods foppimy a real-world luminance range to the lumi-
nance range of the output medium but they often cause chamgetor appearance. In this work we conduct a
series of subjective appearance matching experiments agumethe change in image colorfulness after contrast
compression and enhancement. The results indicate thagld@on between contrast compression and the color
saturation correction that matches color appearance is-tinear and smaller color correction is required for
small change of contrast. We demonstrate that the relatiomot be fully explained by color appearance models.
We propose color correction formulas that can be used witstiey tone mapping algorithms. We extend exist-
ing global and local tone mapping operators and show thatgtoposed color correction formulas can preserve
original image colors after tone scale manipulation.

Categories and Subject Descriptofsccording to ACM CCS) Computer Graphics [1.3.3]: Picture/Image
Generation—Display algorithms;

1. Introduction rection in color saturation that needs to be made after tone
mapping. We do not rely on the predictions of the existing
appearance models but instead conduct a subjective appear-
ance matching in which we measure the necessary color
correction. Given a tone-curve in the luminance domain,
we want to find new chrominance values such that the re-
sulting image closely matches the appearance of the im-
age with no tone modification. However, unlike other ap-
proachesPFFG98PTYGO0QFJ04AR06,KJFO07, we do not
want to compensate for the difference in viewing conditions
between a display and the real-world scene, such as adapting
luminance, chromatic adaptation (white balancing) or ccolo
colors are strongly over-saturated. If, instead of compres appearance effects due to the di_fference in absolute lumi-
’ nance levels. The color-corrected images should preseeve t

ing luminance, all three color channels (red, green and)blue ; - o
L . appearance of the reference image with unmodified contrast
are compressed, the resulting image is under-saturated, as :
S . - shown on the same display. For HDR scenes the reference
shown in FigurelC. To address this problem, tone mapping . . . .
. . image is the best exposure displayed after accounting for
algorithms often employ an ad-hoc color desaturation step,

which improves the results, but gives no guarantee that the a display function (display model). We als_o _do not study

. . the aspect of color preference, although it is known that
color appearance is preserved and requires manual parame- ore saturated colors are preferred in reproducfaiBp7
ter adjustment for each tone-mapped image (Figre P P '

These assumptions are necessary to isolate differenteffec
The goal of this work is to quantify and model the cor- which would otherwise obscure the experimental results.

While many tone mapping algorithms offer sophisticated
methods for mapping a real-world luminance range to the
luminance range of the output medium, they often cause
changes in color appearance. The most common tone ma-
nipulation is luminance compression, which usually causes
darker tones to appear brighter and distorts contrastoetat
ships. FigurelB shows an HDR image after compressing
luminance contrast by a factor of 0.3 while preserving pixel
chrominance values (in terms of the CIE xy chromatic coor-
dinates). When compared to the non-compressed image (ex-
posure adjustment + SRGB display model) in Figi#ethe
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A) Original B) Preserve color ratios C) Per-channel tone curve |D) Manually adjusted
c=0.3s=1

£
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Figure 1: An original image A) compared with three images after costtmmpression. Two common color correction methods
B) and C) are compared with manual color adjustment D). Exgstolor correction methods cannot adjust colors for large
contrast compression.

This paper offers the following contributions: hue depends on luminance (Abney effed@NK87]. Cal-

e Color reproduction properties of the color correction abria and ngrchild(pFoa found th_at the perceived contrast
methods commonly used in tone mapping are analyzed °f complex images decreases with reduced chroma and the
in Section3. relation is sigmoidal. The sigmoidal relation does not hold

e \We measure the necessary color correction in an experi- for achromati(_: images, which are perceived to have higher
mental study and derive a color correction model in Sec- contrast than images at 20% chroma level.
tion 4.

e We demonstrate that color appearance models cannot
fully explain experimentally measured color correction in

Most of the work on color reproduction in tone mapping
is focused on preserving color appearance of the real-world
) scene, as it is perceived by the human eye, on a computer
Sections. _ screen PFFG98PTYG0Q FJ04AR06,KJFO7. Pattanaik et
e Inan additional experiment we measure the color correc- 4y introduce a complex model of human color vision, incor-
tion in the CIELAB color spaceqol8§ (Section6) and porating separate pathways for rod and cone vision, oppo-
then discuss the limitations of this method in Secffon nent color processing, and gain control for both luminance
° !_ocal and global tone mapping op_erat_ors are extended to and contrast signalPFFG98. Later work PTYGO( fo-
include the proposed color correction in Sectgon cuses on the aspects of temporal adaptation, uses the pho-
toreceptor model instead of the luminance gain control, and
2. Related work employs a simplified appearance model based on Hunt's
model. The early iCAM color appearance mod€el(4
achieves contrast compression by applying a spatially-vary
ing power function to the three color channels in the LMS
color space. The newer iCAM06 modefJFO7 replaces
the power function with the photoreceptor response model
and considers separately scotopic and photopic signals. It
also accounts for perceived contrast change with adapt-
ing luminance level due to the Stevens effe86p3 and
with surround luminance due to the Bartleson-Breneman

Color reproduction on devices of limited color gamut have
been well studied in the context of gamut mappiMJ-p1,
GSS'07). However, gamut-mapping differs from our prob-
lem in three major aspects: Firstly, gamut mapping at-
tempts to modify both luminance (lightness) and chromi-
nance (chroma) to preserve color appearance. In our case,
the luminance modification (tone-curve) is given by the
tone mapping operator and we are allowed to modify only
chrominance. Secondly, gamut mapping considers mostly -
mapping colors from one device to another of comparable effect BB67], and compensates for increased colorfulness

dynamic range. Therefore, the contrast compression used in With luminance due to the Hunt effedtfin52. While these
gamut mapping is much smaller than that applied for tone papers describe self-contained tone-mappers that address

mapping, which needs to compress the dynamic range found €0!0" @ppearance issues, Akyuz and Reinh&(g] pro-
in the real-world to the fraction of that range that is avail- POS€ @ color processing framework that could be adapted to
able on an output device. Finally, gamut mapping operates any tone mapping that preserves the ratios between color

on display-referred images, which have been already tone- channels. Their method transforms an HDR image using a

mapped by a camera, while tone mapping operates on sceneforward and*then backward CIECAM’OZ colpr appearance
referred images. model MFH*02], and then the resulting luminance map is

) replaced with the result of a tone mapping operator.
Color appearance studies have revealed many factors that

influence our color perception. The apparent colorfulness  The above tone mapping operators account for the color
of uniform color patches has been found to vary with the differences that are the result of different luminance and
luminance (Hunt effect)Hun52, image size [NB06] and chromatic adaptation between a real-world scene and gispla
the color of the surroundBM97]. The apparent lightness or  viewing conditions. However, none of these approaches con-
brightness of heterochromatic patches depends on chromac-sidered the change in color appearance that is caused by the
ity (Helmholtz&Kohlrausch effect) Nay97 and apparent tone mapping curve itself, which is the subject of our study.
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formula, which preserves luminance and involves only linea
interpolation between chromatic and corresponding achro-
matic colors:

Cout = ((% — l) S+ 1) Lout - 3)

The difference between the color correction formulas
from Equations2 and 3 is best shown on the plots of hue,
chroma and lightness as predicted by the CIECAMO2 color
appearance model, shown in Fig@eThe change in color
correction factors for the non-linear formula from Equa-
tion 2 modifies not only chroma, but also the lightness of

Lightness (J)

[ S S the colors. The luminance preserving formula from Equa-
S S tion 3 can prevent such lightness shift, but leads to stronger
hue shift, especially for red and blue colors. Therefore the
R choice of one formula over another may depend on whether
= 0 = preserving hue or luminance is more important for a partic-
Chroma (C) ular application.
Figure 2: CIECAMO2 prediction of hue, chroma and light- Another approach to color treatment is to apply the same
ness for the non-linear (two plots at the top, Equat®mand tone-mapping curve to all three color channels. It can be

luminance preserving (two plots at the bottom, EquaBpn  shown however that this is equivalent to Equatiif the
color correction formulas. The lines depict the change of color correction factosis equal to the contrast compression

perceptual attributes for six basic colors (red, magentagb factorc, and the tone curve has the form:
cyan, green and yellow) of different luminance when the c
saturation factor s varies from 0 to 2. The initial points Lout = (Lin b)" , (4)

(s= 1) are marked with black squares. The non-linear for- \hereb s the brightness (exposure) adjustment that normal-
mula (Equatior?) strongly distorts lightness, but better pre-  jzes for maximum display brightnesko{t = 1 for the peak
serves hues than the luminance preserving formula (Equa- display luminance).

tion 3). If the tone-curve is an arbitrary function, applying the
same tone-curve to all color channels is not equivalent to
Equation2 unders = c, but the results are very close. In
case of local tone mapping operators, the three color chan-

The common approach to color treatment in tone mapping, nels usually cannot be modified simultaneously. Therefore,

3. Color correction in tone mapping

introduced by Schlick$ch94, is preserving color ratios: those operators must rely on color transfer formulas, sach a
c Equation2 or 3. The assumption tha= c, or altering the
Cout = L—_”Lout, @) three color channels simultaneously, works well for small
n

contrast compression, but leads to images with faded colors
whereC denotes one of the color channels (red, green, or for smallerc, as shown in FiguréC.

blue),L is pixel luminance ané/out subscripts denote pix-
els before and after tone mapping. All values are given in lin
earized (not gamma-corrected) color space. Later papers on
tone mapping, employing stronger contrast compression, ob
served that the resulting images are over-saturated, asisho
in Figure1B, and suggested au-hocformula [TT99]:
Cn\°® The RGB color space used in this paper assumes the
Cout = (L_m) Lout , 2 SRGB color primaries and D65 white point. The RGB
trichromatic values are linear with respect to radiance (no
wherescontrols color saturation. The drawback of the above  gamma-corrected). Al results included in the paper and in
equation is that it alters the resulting luminancedgd and  the supplementary materials are transformed to the SRGB
for colors different from gray, that i&rRout + kgGout + color spacey= 2.2).
keBout#Lout, Wherekrg g are the linear factors used to
compute luminance for a given color space. This formula 4. Experiment 1: color matching for tone mapping
can alter the luminance by as much as factor of 3 for highly
color saturated pixels, which is an undesirable side effect
Therefore, we introduce and examine in this paper another

The Equation® and 3 above offer a convenient way of
correcting colors in the RGB color space, but they require
manual adjustment of the parameterThe main goal of
this work is to estimate the parametegiven a luminance-
specific tone-curve.

We conducted a subjective study in order to investigate how
much color correction is required to compensate for the con-
trast compression.
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contrast

compression ¢
Exposure independent var.
[ HDR Image } Adjustment

scene-referred (RGB)=(RGB)*e [~ Tone Mapping
Equation 4 | .| Display
Color Correction Model
| — Equation 2 or 3
LI linEefe Iveise color correction —x

output-referred Display Model £ .

actor s Display
dependent var. NEC

SpectraView
—

HDR: Pile of gourds

Figure 4: Tone mapping and color correction used in the
experiments.

HDR: Ouchy

levels 0.7 and SO(Ed/m2 respectively). We used the na-
tive NEC 2690 settings for color primaries and white point,
which were close to the sSRGB model. The display response
for red, green and blue color channels was carefully mea-
sured using the Minolta CS-100A colorimeter and then used
as a lookup table in the display model and inverse display
v model. The experiment was conducted under dim illumina-
HDR: Memorial LDR: PDI tion (60 lux).

Figure4 illustrates the image processing applied to LDR
and HDR images before showing them on the display. Image
contrast was modified using Equatidand contrast factar
varied from 0.1 to 1.6. Color saturation fackwas adjusted
Y by a participant and colors were corrected using either Equa
LDR: Half a face is better than a whole one tion 2 or 3. Contrast compression and color correction were
performed in the linear domain after applying an inverse dis
play model to the LDR images. The exposure of individual
HDR images was adjusted to the level that gave the best vi-
sualization of unmodified HDR images on the monitor.

Figure 3: HDR and LDR images used in the experiments.

4.1. Participants Contrast compression and color correction cause a strong

The experiment was split into two parts to test both non- luminance increase for small values ofand high values
linear (Equation2) and luminance preserving (Equati8h of s, which leads to out-of-gamut colors and problems with
color correction formulas. Eight participants (3 femaled a  Subjective comparison of colorfulness due to the hue shift
5 males) finished the first part and ten (2 females and 8 caused by color clipping. To avoid out-of-gamut colors we
males) the second part. Their age was between 23 and 38decided to reduce the luminance of the input images to 33%
years, with average of 32 years. They had normal or cor- (100 cd/m?) of the peak luminance of the display, which
rected to normal visual acuity. Six participants had bagic e ~ also makes the peak luminance closer to the typical settings
pertise in imaging, and the remaining four were not expe- of an office display.
rienced in computer graphics. None of them was aware of
the technical details of the experiment. All participanasl h
correct color vision and only three of them shared both parts
Figure 6 shows a screen-shot from the experiment. Partici-

4.2. Stimuli pants were asked to adjust the overall colorfulness of fihe le
image to make it appear as close as possible to that of the
reference image but slightly and visibly lower. Likewideg t
right image should be adjusted to be perceived as slightly bu
visibly more colorful. Then, the matching colorfulnessss a
sumed to be the mean of both left and right target images.
As we verified in a pilot study, this method gives less inter-
and intra-subject variations than direct color matchingrof

The images were displayed on a 26” LCD display (NEC ages with the same number of comparisons. Differences in
SpectraView 2690, with screen size 55x33.5 cm, resolu- colorfulness are difficult to discriminate and direct match
tion 1920x1200 pixels, minimum and maximum luminance ing results a random point from the distribution with a large

4.3. Experimental procedure

We used 8 natural images in the experiment (shown in Fig-
ure3). They encompass a broad range of color hues and sat-
urations appearing in photographs presenting human faces,
close-ups, indoor and outdoor scenes. To test both scene-
and output-referred images, 4 HDR and 4 LDR images were
used.

(© 2008 The Author(s)
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Figure 5: Result of matching colors between image with altered cettaad an original image. Left: for non-linear color
correction, right: for luminance preserving correctionhd& solid lines show averaged results and the dotted lindsatel the
saturation factor for images 1 JND more and less saturated,tae continuous line is their mean. Error bars show the déaa
error of mean. The red line shows the best fitting model.

for small contrast modification (slope<1) and much stronger
correction for strong contrast compression. The intetpdla
line for the non-linear color correction formula (left plato

not cross the poird(1) = 1, which could be explained by the
measurement error and lack of data near that point.

To check the statistical significance of other factors, we
conducted several Analysis of Variance (ANOVA) tests. We
found no statistical difference between LDR and HDR im-
ages F(1,863) = 0.1 for the test of 2 LDR/HDRx 6 con-

. ) _ trast levelsx 2 contrast correction formulas), which sug-
Figure 6: Screenshot from the experiment. In the center is gogis that the relation holds for both output-referred and
the linearly mapped reference image. Left and right are two - q.one _referred images. There is a significant effect ofgrend
tone mapped images adjusted by a participant. Background (F(1,863 = 12.13; p < 0.01 for 2 (gender)< 6 (contrast)
color is set to neutral grey. x 2 (formula) test), with females choosing slightly less satu
rated images. We found also an effect of expertise inimaging
(F(1,863) = 9.53; p < 0.01 for 2 (expert)x 6 (contrast)x
standard error. By measuringl just noticeable difference 2 (formula) test), with those participants who work profes-
(JND) and taking the average, we obtain a point that is more sionally with images selecting a slightly higrefactor.
likely to lie close to the mean of the distribution.

. o The relation between ands can be approximated with a
_ For each cplor correction formula, participants matched power functiors(c) = c'@, but the function is not plausible at
image colors in a total of 48 tests, one for each of the 8 im- extrapolated values far> 1.6 and the fit is poor (see plots

ages and 6 compression 'eYeM?-L 0.35,0.6, 0.85, 1.35, in Figure5). Therefore, we use instead a sigmoid function:
and 1.6). The whole experimental procedure took approx-

imately 30 minutes for a single participant. Before actual do

experiment, each participant conducted a short pilot exper s(c) = (1+ki) ] (5)

iment in which he/she was explained how to interpret the 14k cle

"overall image colorfulness".
The function has been selected, so that it does not change

color saturation if contrast is left unchanged<(1 forc = 1)
4.4. Results o : - )

and eliminates all color information when an image has no
Figure 5 shows averaged results for both color correction contrast §= 0 for c = 0). The parameters for the best least-
formulas. The plots indicate moderate contrast correction square fit are shown on the plots.

(© 2008 The Author(s)
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Figure 8: To correct colors in the CIELAB color space,
CIELAB chroma from the original image is corrected by
Figure7: CIECAMO2 prediction (hue, saturation, lightness)  the factor $ag and combined with the lightnes$ from the
for color change due to contrast modification €c[0, 2)), tone-mapped image.
while color correction s=model prediction (solid lines, cir-
cles) or s= 1 (dotted lines). Plots for non-linear color cor-
rection formula. The notation is the same as in Fig@re
The black squares indicate initial color coordinates=£d).
Corrected colors are not linearly related to any perceptual |n Section3 we discussed the limitations of the simple color
attribute. correction formulas in the RGB color space, which either
preserve lightness but distort hue, or better, preservdhue
distort lightness. Perhaps if colors are corrected in theesp
of perceptual attributes, along the axis of chroma or calerf
5. Color appearance models and color correction ness (along the radius on the hue/chroma plots in Figure
the color correction will be simpler and the resulting image
will give a better match to the originals. We test this hypoth
esis in the following experiment.

6. Experiment 2: Color correction in CIELAB

The results of Experiment 1 demonstrated that the desirable
color saturation level is related to contrast compressica i
complex and non-linear way. Color appearance models at-
tempt to predict non-linearities in the visual system ara pr Both CIELAB and CIELUV models can be easily adapted
vide a set of perceptual attribute predictors, such as €olor to our color correction scheme. Luminance can be modi-
fulness, chroma and saturation, which should be linearly re fied using a contrast altering formula (Equatidj while
lated to our color perception. In this section we test whethe CIELAB or CIELUV chroma is preserved or modified along
an appearance model can explain the non-linear relation we the chroma axis. The framework for color correction in the
found in our experiment. We want to find which perceptual CIELAB color space is shown in Figu@& A similar color
attribute should be preserved after contrast compression t correction procedure cannot be found for CIECAMO02. Be-
achieve the best color match with an original image. cause of the interactions between chrominance and lumi-
nance that are modeled in CIECAMO02, there can be no chro-
matic coordinates that would result in exactly the same col-
orfulness and hue values after altering luminance. It ig onl
possible to find a least-squares approximation of the algin
colorfulness, but this would be too expensive computation-
ally for any practical application. Therefore, we restoar
considerations to the CIELAB color space.

We choose six basic colors of different hue, saturation and
lightness, distort them by compressing contrast (0, 2])
with respect to a reference white, and process them with
both color correction formulas (Equatiosind3) using the
color correction factosgiven by the models found in the ex-
periment (Equatiod). The resulting colors are transformed
to the space of perceptual attribute predictors of huet-ligh
ness, chroma, saturation and colorfulness, using of one of Experiment 2 has the same goal and procedure as Experi-
the popular appearance models: CIELAB, CIELL3A186], ment 1, but this time we limit the number of participants to
CIECAMO2 [MFH*02] and iCAM [FJ04. 4 and apply color correction in the CIELAB color space, as
shown in Figure8. The results of the experiment are shown
in Figure9. For small contrast modifications.@< ¢ < 1.6)
the color correction is almost unnecessaywg ~ 1). There-
fore, preserving chroma in the CIELAB space for small con-
trast changes should produce desirable results. This is con
sistent with common practice in gamut mapping where color
operations are usually performed in the lightness / chroma
space. However, for strong contrast compressig (.6)
colors need to be desaturated, similarly to the RGB color
correction formulas.

From all perceptual attributes, the CIECAMO02 saturation
was the most consistent across contrast variation and was
selected for the plot in Figuré. The remaining plots can
be found in the supplementary materials. Even though the
CIECAMO2 saturation was the most consistent, solid lines in
Figure7 indicate a non-linear relation between CIECAMO02
saturation and contrast compression. Therefore, pre®prvi
CIECAMO2 saturation or altering it according to a sim-
ple linear rule cannot correct colors when contrast is com-
pressed. This shows that none of the perceptual attributes
in any of the considered appearance models can explain our Figure 10 illustrates thes ag color correction in the
experimental data. CIECAMO2 hue, saturation and lightness coordinates using

(© 2008 The Author(s)
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Figure 9: Result of matching image colors using color cor- 2
. . . . o
rection in the CIELAB color space. The notation is the same g
as for Figure5. g

Figure11: High dynamic range image before and after tone-
mapping MDKO8] while preserving CIELAB chroma. The
resulting colors strongly depend on the selection of the ab-
solute white point for the CIELAB transformation.

Lightness (J)

390 30 50 60

chrominance and absolute luminance. Figliteshows that
different selection of a reference white leads to compjetel
different colors in tone mapped images. In the top row we
assumed the reference white appropriate for the background
and in the bottom row we assumed the reference white ap-
propriate for the foreground. Automatic estimation of a ref
erence white on the pixel level is a difficult problem, and
although some methods exi¥N§IS05], they may lead to
unreliable estimation. At the same time, CIELAB predic-
tions completely fail if a reference white is poorly estieht

the same notation as the plots in Figirior the RGB color Therefore, a fully automatic color correction in the CIELAB
correction formulas. The color correction in CIELAB bet-  color space is currently a viable alternative only for low dy
ter preserves hue and lightness (compare dotted lines in Fig namic range scenes.

ure10with Figure2). The trend is similar to that in Figuie
This confirms the observation that although saturationgs th
attribute that requires the least correction after cohtreml-
ification, it cannot explain stronger desaturation for casit
compressiort < 0.6.

40
Saturation

Figure 10: CIECAMO2 prediction for color correction in the
CIELAB space (Figur8). a* and b components were mod-
ified based onspg from Figure9. The notation is the same
as in Figure7, except that the dotted lines in the right plot
show color change for & 1and g € [0, 2] (same charac-
teristic as shown in Figurg).

Another important observation is that the goal of most ap-
pearance models is different than the goal of our experiment
and of most tone mapping operators. Appearance models
try to predictperceivedcolors accounting for all limitations
of the visual system, such as poor color vision under low
light. In our study and in most tone mapping operators, the
7. Arecolor appearance models suitable for tone goal is to preserv@hotographiccolors, which are the col-

mapping? ors that could be expected under optimal camera exposure
The results of Experiment 2 suggest that the CIELAB settings. Those photographic colors do not turn p_ale under

low light and are closer to th@emory colorof a particular

chroma predictor can better preserve the color appearance .
P P PP object BT02].

after contrast modification, and therefore seems to be an
attractive alternative to color correction in the RGB color
space (Equationdand3). The CIELAB color space as well

as CIECAMO2 or CIELUV, however, cannot be easily used
for high dynamic range scenes. The major difficulty is accu- Inthis section we demonstrate how the relation between con-
rate estimation of the reference white color, both in terins o  trast compression and desired color correction, which we

8. Application in tone mapping

(© 2008 The Author(s)
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Nonlinear desaturation (Equation 2) Luminance preserving desaturation (Equation 3)
s=c s=model s=model s=cC

=0.3

Compressed
contrast ¢

1.6

Enhanced
contrast c

Figure 12: Result of four color correction methods for contrast conspien (top) and enhancement (bottom).

found in the subjective study, can be used to extend global be applied not only to the simplified operator (Equatifn

and local tone mapping operators. with a known contrast compression factpibut to any tone
Probably the most common tone operation is contrast mapping function. The contrast factor can be apprpximated

compression and enhancement using a power function b_y the slope of the tgne curve on the letjpg plot, Wh'Ch. IS

(Equationd). Figure12 shows an example from a large test given by the (_:ieilvatlve of the t.Ol‘l(.E-CUI’VG.In the logarithmic

set we used for validation (the full test set can be foundeén th space. Denoting = ogyo(L), ¢is given by:

supplementary materials). The figure contains images after Cout ::tmo(fm)

contrast compression and enhancement, whose colors were c(Lin) = Stmo(Lin) (€)

corrected using both color correction formulas (Equat®ns dL

and3), and the color correction factor was either assumed A similar approach was used iIRTYGOQ to relate the sat-

to be equal to the contrast compression facset €) or was uration factors to the local contrast compression. The func-

computed from our experimental models (EquatinThe tion c(Lin) gives us an estimate of contrast compression for

assumptiors = ¢ produces satisfactory results for many im- €ach tone level, which we can use in combination with@ny

ages. However, this example shows over-saturated imagesS relation model (Equatiod) and with any color correction

for contrast enhancement and images that are too washed-formula (e.g. Equation and3).

out for contrast compression. The contrast-compressed im-  \yo modify the display adaptive tone mapping operator
ages that were color corrected with the model (1st row, 2nd MDKO8] to include our color correction formula (Equa-

and 4th column) may look slightly unnatural due to strong o, 5). The original algorithm employs Equati@to com-

saturation, but the goal of our color correction is the best pensate for color difference, in which the parameteas to
match to the reference r.ather than the most nz_altural look or be manually adjusted. The first column of Figdseshows
the preference. Another important observation is thatuke |

minance preserving formula (right side) often results in@ h
shift for red colors, as discussed in Sect®and shown in
Figure7.

that for the same color correction factar=£ 0.3) color cor-

rection need to be readjusted when tone mapping for dis-

plays of different dynamic range. The proposed color cor-

rection model can compensate for these differences and au-
The tone mapping based on the bilateral filteriBipp2] tomatically readjust color correction factar

can be easily extended to incIut_ie the proposed color cofrec- Full size results for over 40 LDR and HDR images can be

tion formulas. The operator uniformly redgces the cc_>ntrast found in the supplementary materials.

of the base layer (low pass + edges) while preserving de-

tails (high frequencies). The amount of compression in the

logarithmic domain is equivalent to the contrast compres- 9. Discussion

sion factorc. The original algorithm does not perform any

desaturation and employs EquatitnThis produces good

results when the operator is run with the default parameters

but results in over-saturated colors for strong contrast-co

pression, as shown in Figule. We employ the non-linear

color correction formula (Equatio?) with the experimental

model (Equatiorb) to fix the over-saturated colors.

The considerations of this paper seem to be limited only to
global tone mapping operators, which affect only low fre-
quencies. We conducted a pilot study in which we investi-
gated the effect of a local operation, unsharp masking, on
the colorfulness of images. Figul® shows an image that
has enhanced (left) or reduced (right) details (top) andajlo
contrast (bottom). The image clearly indicates that sharpe
The color correction formulas proposed in this paper can ing has little effect on perceived image colorfulness. 8inc

(© 2008 The Author(s)
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Original Algorithm Reference Image With Color Correction

Figure 13: The result of the “bilateral” tone mappingd)D02] with strong contrast compression, original algorithm cpaned
to the algorithm with color correction.

Original algorithm, s=0.3 Original algorithm, s=1 Reference With color correction

Reduced
dynamic range

masked hue-shift
due to color clipping

dynamic range

)
)
c
©
o

)
€
I
c
>

°

Enhanced

Figure 14: The result of the “display adaptive” tone mappinglDKO08] for a display of reduced, typical and extended dynamic
range (from top to bottom row). The original algorithm witltanstant color correction factor (s 0.3 and s= 1) is compared

to result of the proposed color correction. The yellow cdlwat can be seen in the reference image (top row) is an attdéc
color clipping and is not visible when clipped colors are e (center row) or exposure is reduced (bottom row).

sharpening is often the main component of local tone map- 10. Conclusionsand Future Work

ping operators, our color correction method is also valid fo

those operators. Tone mapping inevitably results in an image distortion
which affects both tone and color reproduction. In this work

To better isolate the effect of contrast compression on We analyze how such color distortions can be reduced.

image colorfulness, all the experiments were designed to

minimize clipping of colors that exceeded the display color The main contributions of this paper are two models pre-

gamut. We did not use the full dynamic range of the dis- dicting desirable color correction given contrast distort

play to reserve margins for highly saturated colors and we due to tone mapping. The models are used with simple

did not consider very strong contrast enhancement. We also and computationally inexpensive color correction formnsula

allowed for colors that would not be available on an SRGB which are applicable for global tone mapping operators and

display with a peak luminance of 1@ﬂ/mz. We conducted give good practical results for local operators. We found

a pilot study in which we did not observe any difference that the non-linear color correction formula strongly dits

in measurement if we clipped colors to the limited SRGB lightness but introduces less hue distortion than the lumi-

color gamut or if we used all the available gamut of our dis- nance preserving formula, and is therefore more suitable fo

play. Further studies, however, should investigate theceff ~ tone mapping. We experimented with color appearance mod-

of color clipping on the necessary contrast correctioneesp  els, which can potentially produce less hue and chroma dis-

cially for large contrast enhancements. tortions, but are less suitable for high dynamic range irmage

(© 2008 The Author(s)
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Compressed

Enhanced

Details (high freq.)

Base (tone-curve)

Figure 15: Enhancement (left) and compression (right) of
details (high frequencies) has little effect on colorfise
(top row) as compared to global contrast modification (bot-
tom row).

because of problems with reference white estimates and dif- [KIF07]

ferent rendering intents.

Our results suggest that the image colorfulness is affected
by overall image contrast, defined as a slope of a tone-curve [KMS05]
on the log-log plot (gamma) and is not influenced by sharp-

enning. Such overall contrast, however, is difficult to defin
for local tone-mapping operators that introduce strong dis

continuities on the tone curve. Further studies are neesed t

isolate a set of factors that influence colorfulness afteallo
tone-mapping operations.
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