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Abstract

High dynamic range images require tone reproduction to
match the range of values to the capabilities of the dispFor.
computational reasons as well as absence of fully calilotate-
agery, rudimentary color reproduction is often added as atpo
processing step rather than integrated into the tone repotidn
algorithm. However, in the general case this currently riegg!
manual parameter tuning, although for some global tone aepr
duction operators, parameter settings can be inferred ftbm
tone curve. We present a novel and fully automatic satumatio
correction technique, suitable for any tone reproductigpe@-
tor, which exhibits better color reproduction than the staf-
the-art and we validate its comparative effectivenesautingpsy-
chophysical experimentation.

Introduction

Recent advances in both capture and display technologies al
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cal study was conducted for defining an automatic model toeler
the parameters necessary for such corrections, but oolysfya-
rameters to be predicted when the tone compression or eégpans
function is global [12].

Instead, we propose a new approach for correcting sataratio
mismatches after dynamic range compression. We base aur alg
rithm on insights from color science and on the observatian t
the amount of desaturation can be inferred from the noratibe
applied by the tone curve, irrespective of whether the tae r
production operator was spatially varying or not. As sualr, o
approach is parameter-free and agnostic to the operatdrfase
mapping the dynamic range of the image or video. We find that
our algorithm reproduces saturation significantly bettentthe
current state-of-the-art.

Related Work

Differences in viewing conditions may result in significant

low images of a much wider dynamic range to be photographed, mismatches in perceived color, which can be attributeditsioh-

manipulated and displayed, better capturing the light afina
scenes and giving artists unparalleled freedom. Unlikergare
lent consumer imaging pipelines though, no high dynamigean

crasies of the human visual system. To ensure that the apyear
of a scene is correctly reproduced on a display, many issiles w
have to be taken into account, all broadly belonging to the fie

(HDR) standard has yet emerged defining the precise range, fo of color reproduction [8]. Image appearance models can bé us
mat or encoding to be used. As such, HDR data often needs to beo reproduce images as a human observer would see them under

compressed for display on most current displays, a processrk
as tonemapping [15, 2].

given viewing conditions [5, 16]. Such algorithms can befigpn
ured to yield calibrated color reproduction, and therefdwenot

The aim of this paper is to preserve the appearance and infor+equire color post-processing. However, measurementseies
mation content of the image as much as possible while ergsurin and display conditions are needed as inputs to image apmeara

that it can be displayed on the chosen display device. Teeaehi
that, tonemapping algorithms typically operate on the hance
of the image with little to no consideration for the colorania-
tion present, leading to noticeable changes in the colozapmce

of the image, as shown in Figure 1. Commonly, tone compressed

images acquire an over-saturated appearance when onlyntiie |
nance channel is processed [12, 18].

models so that the human visual response can be accuragely pr
dicted. This requires specialist equipment such as phdeme
These algorithms also tend to be computationally expenfive

ther limiting their use to offline processing.

Dynamic range mismatches between scenes and display de-
vices are therefore typically handled by tone reproductipera-

tors. In essence, most of these algorithms focus on one dioren

Image appearance models, which can be seen as tone reprasf the color gamut, namely compression along the luminaice d

duction operators with integrated color appearance manege

rection [15, 2]. Appearance effects are often ignored, iteatb

[7, 9, 16], aim to reproduce color appearance, but they are de images which may appear too saturated. This problem cantbe mi

signed with calibrated applications in mind and often comthe
cost of higher computational complexity due to spatiallyyirzg
processing. Despite their accuracy, these factors can tiiveir
general applicability.

Some solutions exist for correcting saturation mismatelfies
ter tone reproduction [12, 18]. This leads to computatigned-
ficient correction, although we have observed that existieth-
ods tend to create hue and luminance artefacts. Moreowsy, th
require manual parameter selection which is strongly ineage
tone reproduction operator dependent. Recently, a pseisép

igated by combining tone reproduction and color appearafice
gorithms [1]. However, this solution still requires cakibed data
and measured viewing conditions to drive the color app&aran
component.

A more common approach to saturation reproduction is to
post-process the tone-mapped image, manually adjusttogasa
tion to levels that appear plausible. Perhaps the mostkmelivn
technique for color correction involves the adjustment aibc
values by means of a power function, according to user param-
eterp € [0,1] [18]. Given an original high dynamic range im-



Corrected
saturation reduced

Tonemapped with
Li et al. 2005

The same HDR image was tonemapped with different operators (left - [10], right - [16]). The left tonemapped image is overly saturated, while the
tonemapping algorithm used on the right has reduced the saturation too far. With our method, both images are automatically corrected to have a very similar
appearance by considering their relation with the original HDR image. (Source image from Mark Fairchild’s HDR Survey)

Figure 1.

age with input pixeldM o = (Ro, Go, Bo) specified in some linear
RGB color space, and its associated per-pixel luminahggis is
first tonemapped with an operatd() that modifies the image’s
luminancesL; = f(Lo). The color-corrected imaghl is then
produced with:

Mo\ P
Mc:(TJ Lt. (1)

The primary drawback of this solution is that the selectibpa

rameterp is both image and tone reproduction operator depen-

dent. As this formulation may also introduce undesirabtaiiu
nance shifts, an alternative adjustment was propofa]:

M= (('\C—:—l.o) p+1.0)Lt. @)

Although this equation is claimed to produce smaller lumge
shifts, it may still create hue shifts [14]. Here, user pagtenp €
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Hue and Saturation Correction

The aim of tonemapping is two-fold; images need to be pro-
cessed so that their absolute luminance range is comprdaged
pixel relations also need to be altered to maximize visilelai]
therefore changing the contrast in the image. Changes toasbn
and luminance, however, often lead to changes in the appesara
of colors in the image and specifically in their saturatiod hoe.
Thus, our algorithm is designed to correct the image’s appea
while minimizing luminance and contrast modifications.

Algorithm Overview

The input to the algorithm consists of two images given in
linearRGBspace: the tone-compressed imdf@ieand the origi-
nal, unprocessed HDR imad#é, as it contains the original satu-
ration and hue values that we aim to reproduce. The goal adleur
gorithm is to modifyM+ such that it matches the color appearance
of M, in terms of hue and saturation, while preserving luminance
values from the tonemapped imalyk. Note that matching the

[0,1] can be set manually with the same disadvantages as above.apnearanceof saturation requires active non-linear management

Alternatively, the setting op in either technique can be au-

of saturation values to account for the Hunt effect.

tomated based on the slope of the tone curve at each luminance

level [12]:

(14 k)

= Trde ®

wherek; andk, are constanfsandc is a factor indicating the
amount of compression or expansion applied. This factoalis ¢
culated as the derivative of the tone curve:

c(log(Lt)) =

diog(Ly) ' 0a(Lo)) @)
We note that although in its original derivatidif) was a simple
power function, it produces reasonable results as long risitce
conditions are met, most important of which is that the ojpera
needs to be global, i.e. spatially invariant. We view thisaas
important limitation, as local tone reproduction operatoften
allow better compression.

lIn the remainder of this paper, we will refer to Equation (%) a
Schlick’s method, and Equation (2) as Mantiuk’s method.

2For Schlick’s correctionk; = 1.6774,k, = 0.9925. For Mantiuk's
correction:k; = 2.3892,k, = 0.8552 [12].

Since in most cases accurate radiometric data is not avail-
able for HDR images, luminance values computed from the im-
ages will be inherently inaccurate. As such we focus on eshtr
changes between the two input images and therefore noemaliz
bothM{ andM g before converting them t8Y Z tristimulus val-
ues. The image data is then transformel® as this color space
has better hue uniformity than CIEa*b* [4].

As we need separate access to lightness, hue and chroma,

we then convert to a cylindrical color space akin to CHE*h*
[19]. This space is based ¢RT and therefore we will refer to it
as thelCh space, wheré encodes lightnes§, represents chroma
andh is a measure of hue. The lightness charrisinot further
processed, because this was the main purpose of the prgcedin
tone reproduction operator. The hue in the tonemapped ifmage
is subsequently set to the hbg of the original image, restoring
any hue distortions that may have arisen due to gamut clippin
during tone mapping.

The quantity that needs to be matched between high dynamic
range and tonemapped images is saturaidfowever, the afore-
mentioned cylindrical color space produces chr@@ndNonethe-
less, we can adjust chroma on the basis of per-pixel saturati
values computed on both images.
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Figure 2. Comparisons between different variants of our algorithm, in par-
ticular comparing performance in CIE L*C*h* against the cylindrical version
of IPT, termed ICh, paired with two different saturation formulations, namely
s=C/L and s=C/+/C2+L? (substitute L for | in the case of IPT).

Appearance Parameters
After the input images are normalized and converteldPi,

This ratio is then applied to chron@{ as a second factor to find
the chroma appropriate for the tonemapped image:

|
Co=rC{=r G (10)
t
For convenience, in the following we will refer to the fulljadt-
ment factor as:

r'=r

(11)
It

Finally, we reset the hue by copying values from the HDR
images [ic = hy). Together with the corrected chromg, it is
combined with the lightness channel of the tonemapped image
lc = It to produce the final corrected result, which can then be
converted back tRGB

Evaluation

To assess the performance of our algorithm, we compressed
the dynamic range of many challenging scenes with different
tonemapping operators. We then processed the results with o
color correction method and compared our results agairtst bo

chroma and hue parameters are computed for both images. Taéhe automatic and manual versions of Schlick’s and Mangiuk’

convert fromlIPT to a cylindrical color spacéCh [19], we fol-
low standard procedure and leave thghannel unchanged while
setting hueh and chromaC as follows:

h=tan1(P/T) (5)
c=+P24+T2 6)

Saturations is commonly computed as(C,1) = C/I. Re-
cently, however, an alternative formula was proposed tikiviis
human perception more closely [11]:

C
Neap
Note, however, that to our knowledge application of thisyfata

in IChis novel; its development was centered around ICIE"h*.
The merit of using this formulation is shown in Figure 2.

s(C,1) = (7

Saturation Correction

Tone reproduction typically maps luminance values in a non-
linear manner. As a result, although the absolute lumineveds
of the tonemapped image are likely to be lower than the aalgin
HDR scene if displayed on a conventional monitor, the reati
luminance of many pixels will be increased compared to their
surrounding pixels. To deal with this mismatch, we first scal
the chroma of the tonemapped image. This step s€al&s ap-
proximately what it would be if the original HDR image had hee
tonemapped in theCh space:

c-cp (8
Then, based on (7), we compute the ratietween the saturation
of the original and tonemapped image, albeit that we comiate
latter usingC{:

. S(Co, lo)
B S(Ct/7|t)

9)

algorithms (Equations (1) and (2)) by means of psychoplysic
experimentation.

Tone Curve Estimation

For Schlick and Mantiuk’s techniques we estimate the tone
curve from the image pair directly so that Equation (3) caajpe
plied to estimate. If a global tone reproduction algorithm is used
a one-to-one mapping between the original lumindngcand the
tonemapped luminanck; can be obtained. For spatially vary-
ing tone mapping operators, many different input levels ey
mapped to the same output level. To be able to infer a reason-
able approximation for parametpiin the automatic Mantiuk and
Schlick corrections, we compute the contrast factior (4) based
on the average luminance levellig that corresponds to each lu-
minance level; in the tonemapped image. To further enforce
smoothness, this computation is carried out on a down-saimpl
version of the image and the resulting tone curve is filtergd av
Gaussian filter kerné

In the following, we show the effect of our correction com-
bined with several tone mapping solutions as well as sidsitby
comparisons with other saturation correction techniquése
comparative performance of saturation reproduction is als
sessed with a psychophysical experiment.

Results and Comparisons

The color correction method proposed in this paper is fully
parameter-free and aims to be applicable irrespectiveeofyibe
of processing that was applied to the image. The algorithm wa
implemented in MATLAB, running on an Apple Macbook Pro
with an Intel Core 2 Duo processor running at 2.3 GHz. Althoug
our current implementation is not optimized for performagp-
ical examples tested at resolutions of around 1MP were pgece
in approximately 5 seconds.

3Note that this approximation serves only for comparisorppses as
the relation betweep andc is only formally defined for global tonemap-
ping operators.
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The Memorial image was tonemapped using both global and spatially varying tone mapping operators. The tone mapped images (top) obtain very

different appearances, which are corrected with our algorith (bottom). Although the tone mapped images have different luminance and contrast distributions, our

correction equalizes the color appearance between them. In particular, the different materials in the scene obtain a more natural appearance, notably the white

marble of the stairs or the gold leaf on the walls.

Our method corrects the saturation in the image on a per-

pixel basis. This ensures that even extreme changes iraiatur
due to tonemapping or any other manual or automatic image pro
cessing can be corrected. The quality of our algorithm isvsha

up to 4000cd/n?. To allow prolonged stable and calibrated use,
we used a peak luminance of no more than 266pm°. The
background of the stimuli was set to t8/m? while the peak
luminance for the tonemapped images was ¢0?. The left

Figures 3 and 4. Note that if both the high dynamic range image and right 7cmof the display were unused as we found luminance

and the tonemapped image are individually normalized, dhe t
reproduction process does not universally reduce the iimdge
namic range. Instead, some pixels are reduced in level,esber
others are increased. As a result, some pixels require a eomm
surate decrease in saturation, while others need thenasiatu to
be increased.

Figure 3 shows that one effect of our method is that mate-
rial appearance can be correctly reproduced, irrespestitene
reproduction operator. The gold leaf on the wall still appeas
gold for instance; an effect that is difficult to reproducehnither
methods that tend to create more washed-out colors. Figure
demonstrates that existing methods tend to desaturateqfatte
image that are both light and saturated, turning the yelligmn s
and the shop interior white in the top images, and the sky grey
the bottom images.

Psychophysical Evaluation

4

reproduction to be less accurate in those regions. Theayispl
was driven by an Apple Macbook Pro running Matlab using the
Psychophysics toolbox extensions [3] and employing a custo
OpenGL shader for driving the display in calibrated HDR mode

A set of 8 HDR images were drawn from the HDR Pho-
tographic Survey [6] and were tonemapped with the global ver
sion of the photographic operator [17] and a spatially vagyi
operator [10]. Subsequently, the images were post-predess
with three different saturation correction algorithmse groposed
technique, as well as the automatic versions of the methivda g
in (1) and (2). A stimulus then consisted of the HDR imageoWwel
which two differently post-processed images were showmeTo
mapping operators were varied between stimuli, but notiwith
stimuli. In each trial, the participant was asked to seleetinage
which matched saturation best to the HDR image.

To assess saturation performance, we designed a 2-

alternative forced-choice experiment (2AFC) whereby toeniti-
cally tonemapped images were post-processed with diffeiagn
uration correction algorithms and shown side-by-side endils-

Before starting an experiment, participants were showt wri
ten instructions, followed by a short training session toifearize
participants with the difference between saturation ahérmap-

play, underneath the high dynamic range input image as shownpearance phenomena. General feedback was solicited ladter t

in Figure 5a. A SIM2 HDRA47E S 4K was used, which can emit

experiment, which lasted on average 20 minutes.
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Figure 4.  Comparisons between our new algorithm and Schlick and Mantiuk’s automatic corrections. The two images were tone mapped with a spatially
varying [10] and a global [17] operator and then processed with the three correction methods. The local variations of the spatially varying operator lead to very
strong local desaturation when images are processed with Schlick’s and in particular Mantiuk’s correction formulae.
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Experiment: Evaluation of automatic algorithms The task
for the experiment was to match the impression of saturdi@n
tween tonemapped color processed images and their HDR orig:
inals. Stimuli were created to compare our algorithm wita th
automated version of Schlick and Mantiuk’s algorithm using
Li's [10] and Reinhard’s [17] tone reproduction operatéesading

to a total of 48 trials per participant to account for all paicom-
parisons. There were 18 participants in this experiment, wére
between 23 and 53 years old, and all had normal or correoted-t
normal vision as well as normal color vision.

We used a multiple comparison range test to determine if any
pairwise difference was significant. We have calculatecctied-
ficient of consistentcy per image and per tonemapping operator.
For the photographic operator we find an average coefficient o
consistency of = 0.78+0.1 (mean and standard deviation). For
Li's operator we findé = 0.85+0.08. Thus, we have obtained
overall high consistency, supporting the following finding

Significance tests were calculated on the differences legtwe . .

. . . is of 5.06, see Table 22 from [13]. Figure 5b shows the overall
the scores of pairs of color correction methods. Theserdifiees B
. o . - results of our experiment.
are considered significant if they are greater than a critiglae
Rwhich is defined as: When_ we assessed the _overall performance, fgr each
tonemapping operator, over all images, we found statistiga

250

200
150 R=53
R=53
100
50
ol = = B = 2 = & |

— Reinhard 2002 Li et al. 2005 Combined
a. Experimental setup b. Results

Figure 5. a. The setup used in our experiment. b. Results from our
experiment, grouped by tone reproduction operator. Also indicated with a
horizontal line is the difference with the longest bar in each group at which
significance occurs.

1 1 nificance for Li's tone reproduction operator at significatevel
R= §W7ﬂ Vut+ 2 12) a = 0.001, with critical value critical valuR = 53, givenu = 144
for 18 participantsx 8 images. In this case our method was se-
whereW ¢ is the upper significance point for th'¢ distribution, lected significantly more often. This is visualized in Figub

t = 3 is the number of compared methods, anid the number  where we have drawn a horizontal line at a height 53 below the
of observations. At a significance level@f= 0.001,W o values maximum score, noting that the bars for Schlick and Mansiuk’



methods do not cross this line. For the photographic openato
found no statistically significant differences.

We have observed that Li's operator on average requires [5]

stronger saturation correction than the photographicaiper It
is therefore interesting to see that especially in the chadazal
operator our saturation correction method performs pasity
well. Moreover, for the photographic operator our algarither-
forms on par with the current state-of-the-art. Although tfee

(6]

(7]

Color Imaging Conference: Color Science, Systems and Ap-
plications pages 8-13, 1998.

M. D. Fairchild. Color appearance modelslohn Wiley &
Sons, Chichester, UK, 2nd edition, 2005.

M. D. Fairchild. The HDR photographic survey. Pro-
ceedings of the 15th IS&T/SID Color Imaging Conference
pages 233-238, 2007.

M. D. Fairchild and G. M. Johnson. Meet iCAM: an im-

experimental evaluation only two tone mapping techniquessw
included, our experiments indicate that our findings gdizera
well to other operators, especially when the luminance bln [8]
is processed in a locally varying way.

We also computed scores for the two tone mapping operators [9] J. Kuang, G. M. Johnson, and M. D. Fairchild. iCAMO06: A
combined. Her&® = 75 asu = 288 (18 participants 8 imagesx
2 tone reproduction operators). Overall, our method waesced
significantly more ofteng = 0.001). In essence, this means that
our algorithm matches the impression of saturation betvweea
mapped images and their HDR originals measurably better tha
the current state-of-the-art.

Conclusions

We developed a novel saturation correction algorithm for
the purpose of removing the often over-saturated appearaic
tonemapped images. Tone reproduction tends to be carriezhou

age color appearance model. Rmoceedings of the 10th
IS&T/SID Color Imaging Conferengpages 33-38, 2002.
R. W. G. Hunt. The reproduction of colorFountain Press,
England, 1996. Fifth edition.

refined image appearance model for HDR image rendering.
Journal of Visual Communication and Image Representa-
tion, 18(5):406—-414, 2007.

Y. Li, L. Sharan, and E. Adelson. Compressing and com-
panding high dynamic range images with subband archi-
tectures. ACM Transactions on GraphicR4(3):836-844,
2005.

E. LUbbe.Colours in the Mind - Colour Systems in Reality:
A formula for colour saturationBooks on Demand GmbH,
2008.

R. Mantiuk, R. Mantiuk, A. Tomaszweska, and W. Heidrich

[10]

[11]

[12]

a luminance channel, while leaving chromaticities unaéfdcAs
the appearance of saturation depends on relative lumirevels,
ideally saturation should co-vary with luminance changéenv
applying tone reproduction operators. Nonetheless, ibssible
to post-correct saturation mismatches given the input bedutt-

[13]

Color correction for tone mappingcomputer Graphics Fo-
rum, 28(2):193-202, 2009.

E. S. Pearson and H. O. HartleyBiometrika tables for
statisticians 3rd edvolume 1. Cambridge University Press,
1988.

put images of a tone reproduction algorithm.

Our algorithm is based on recent insights into the design
of perceptually linear color spaces as well as a recent flaxmu
tion of saturation. This has led to an algorithm that withpess
to the state-of-the-art better reproduces the color appear of
the HDR input images, while preserving the luminance cosyre
sion applied by the tonemapping operator. We evaluated leur a
gorithm and assessed its performance compared to thed$tate-
the-art with many challenging images as well as a psychopdlys
experiment. As the computational cost is similar to exgtiech-
niques, we believe that our algorithm is a good candidatedtmr
post-processing of tone reproduction operators as wellasim
ally processed images.

Acknowledgements
This work was partially supported by Ministry of Sci-
ence and Innovation Subprogramme Ramon y Cajal RYC-2011-

[14] E. Reinhard. Tone reproduction and color appearanad mo
eling: Two sides of the same coin? Rroceedings of the
19th IS&T/SID Color Imaging Conferencpages 171-176,
2011.

E. Reinhard, W. Heidrich, P. Debevec, S. Pattanaik,
G. Ward, and K. MyszkowskiHigh Dynamic Range Imag-
ing: Acquisition, Display and Image-Based Lightinglor-
gan Kaufmann, 2nd edition, 2010.

E. Reinhard, T. Pouli, T. Kunkel, B. Long, A. Ballestad,
and G. Damberg. Calibrated image appearance reproduc-
tion. ACM Transactions on Graphics (Proceedings of SIG-
GRAPH Asia)31(6):article 201, 2012.

E. Reinhard, M. Stark, P. Shirley, and J. Ferwerda. &hot
graphic tone reproduction for digital imagesCM Transac-
tions on Graphics21(3):267-276, 2002.

C. Schlick. Quantization techniques for visualizataf high
dynamic range picturefroceedings of the 5th Eurograph-

[15]

[16]

[17]

[18]

09372. ics Workshop on Renderingages 7-18, 1994.
[19] S. Shen. Color Difference Formula and Uniform Color
References Space Modeling and EvaluatioPhD thesis, Rochester In-

[1] A. O. Akyuz and E. Reinhard. Color appearance in high-

(2]

(3]
(4]

stitute of Technology, 2009.

dynamic-range imaging.Journal of Electronic Imaging

15(3):0330001, 2006. Author Biography

F. Banterle, A. Artusi, K. Debattista, and A. Chalmersd- Tania Pouli is a Researcher at Technicolor Imaging Science
vanced High Dynamic Range Imaging: Theory and Prac- Laboratory, working on high dynamic range imaging and color
tice. AK Peters (CRC Press), Natick, MA, USA, 2011. reproduction problems. She received her BSc in 2007 from the
D. H. Brainard. The Psychophysics toolbdSpatial Vision University of Bath and her PhD from the University of Brisitol
10:433-436, 1997. 2011, where she worked with Erik Reinhard on image stasistic
F. Ebner and M. D. Fairchild. Development and testing of and creative image editing. She is the lead author of the book
a color space (IPT) with improved hue uniformity. Sixth ~ “Image Statistics in Visual Computing”, published by CR@55.



