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Abstract

This study evaluates gamut mapping algorithms with differ-
ent mapping typesand mapping directions. Among these are
the method of mapping colors towards a focal point as well
as thenewly developed relativelightnesschange(RLC) tech-
nique. The latter maps colorsalong curved lines and enables
the direct use of cylindrical coordinates lightness, chroma,
and huefor themapping, regardlessof themapping direction.
Additionally, hueadjustmentsareapplied.

Thepaper discusses issues of gamut mapping such as the
mapping space, the coordinate system within the space, and
gamut boundary description. Psychophysical experimentsare
described which wereconducted to evaluatethe reproduction
of monitor images on a device with a clearly smaller color
gamut. Al l images were viewed on the monitor. The algo-
rithmsweredependent on the imagegamuts.

Theexperimentsshow that theRLC method performssu-
perior over the centroid mapping. Moreover, the optimum
mapping direction was RLC50 which means a slight adapta-
tion of lightness. The best mapping type was pure clipping,
regardless of the mapping direction. These results help un-
derstanding the mechanisms of gamut mapping and support
further developments and research in color image reproduc-
tion.

1. Int roduction

Gamut mapping is an important step in color image repro-
duction in order to conserveasmuch of the appearanceof an
original imageaspossible. Due to technical limitations, vari-
ations between color rendering processes, and differences in
viewing conditions, a perfect match of a reproduced image
to the original can rarely be achieved. The task of a well-
designed gamut mapping algorithm is to get thebest possible
pleasing results.

While themeasurement and specification of color in gen-
eral is not trivial, the evaluation of the appearance of an im-
age or of its closeness to an original is even more critical.
1160
Such evaluations can only be based on psycho-physical ex-
perimentsand consecutivestatistical evaluation.

The aim of this study is to achieve a better understand-
ing of the mechanisms of gamut mapping rather than to di-
rectly develop an algorithm that is meant to be more or less
applicable to arbitrary cases. The particular focus is on the
modification of lightnessand hue in order to preservehigher
chroma. The results wil l be essential for the design of new
techniques in the future.

2. Parameters of Gamut Mapping

2.1. Direction versusTypeof Mapping

There are two basic parameters that can be used for classify-
ing gamut mapping algorithms: thedirection of mapping and
the type of mapping. It is very important to understand that
both influenceeach other rather strongly.

It is well-known that the structure of an image is mainly
contained in the lightness/brightness information and not in
the chroma channels. Otherwise, applicationssuch as black-
and-white photography or the established data compression
algorithmsof JPEG or TV broadcast systemswouldnot work.
The type of mapping can usually vary between clipping and
linear compression. Clipping results in a loss of structure
(blocking artifacts), and the degree of visibility of this loss
in an imagedependshighly on thedirection of mapping.

If , for example, lightness is kept constant, we can expect
that the loss due to clipping is less visible compared to the
case where chroma is kept constant and lightness is varied.
This means that the optimum mapping type depends on the
mapping direction.

On the other hand, if the mapping type is specified to be
“clipping” , then it is expected that the loss of structure due
to clipping is more visible in lightness, and an observer will
attribute more importance to lightness than to chroma. This
meansthat theoptimum direction of mapping in turn depends
on thespecified typeof mapping.

These considerations should be extended to include the
modification of the hue-angle. Though it is known that hue-
shiftsshould betreated very carefully and belimited, in some
casesmodified hueshelp to conserve larger chromawhich in
turn leads to morepleasing images.
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2.2. Color Spaces and Gamut Boundary Description

A question often discussed is in which color space the m
ping should be carried out. The mapping space should
approximately based on human perception. Candidates
e. g. CIELAB, LIELUV, and CIECAM97s. We consider
most important that the mapping space has correlates of
ceived lightness, chroma, and hue, and less important th
represents an overall uniform distribution. For instance, i
known that the hue-anglehab in CIELAB has some weak
nesses in this regard.1,2 Particularly in the blues, colors with
the sameperceivedhue do not lie on lines of constant hu
angle.

While being aware of its weaknesses, we chose CIEL
as the mapping space throughout this study, due to its c
mon use and the possibility to process CIELAB images w
standard color imaging software. CIECAM97s may be be
suited if different media are involved, which is not the case
this study.

A further important question is the coordinate system
choose within the color space. Basically, we have the ch
between cartesian, cylindrical, and spherical coordina
Based on the knowledge that the hue of colors should be
served, only the latter two are relevant since they conta
hue-correlate in form of the hue-angle. However, the qu
tion which of these two better fits the needs, cannot be
swered in general. It depends largely on the chosen direc
of mapping.

E. g. if lightness is held constant (in addition to the hu
angle being constant), then cylindrical coordinatesL�C�h�

will be the first choice, since the mapping can be carried
one-dimensionally along one of the coordinate axes (chrom
However, an often used method is mapping towards a f
point on the lightness axis. Here, a spherical coordinate
tem with the origin at the focal point would allow the simple
mapping, namely along the spherical radius.

However, we felt that none of the two mentioned mapp
directions are optimal. One of the purposes of this study
to find the optimum direction of mapping, dependent on
location in color space, relative to the boundaries of the
production as well as the image gamut. Since the directio
no longer fixed, the choice of the coordinate system seem
be more a matter of taste, at this time.

On the other hand, there are further aspects to cons
which are related to the description of the gam
boundaries. While the color gamuts of reproduction devi
(monitors and printers) are usually well-behaved, determ
ing the gamut boundaries of images is a critical task. Im
gamuts are usually calculated by scanning all the image pi
and finding the maximum chroma for a given lightness-h
pair (or analogously in spherical coordinates). The prob
starts at the question which hue and lightness subsamp
should be chosen. In this study, the lightness and hue s
pling was 100 and 360 steps, respectively. Furthermore, a
2161
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scanning the image, there are rather many holes in the bo
ary, partly because some colors do not exist in the image,
partly because the usual 8-bit quantization of L*a*b* lea
to large hue-jumps at the low chromas. Hence, in order to
utilized, the image gamut boundary must be smoothened fi

Here, we must make sure that every entry of maximu
chroma in the (L�;h�)-table is included in the smoothene
gamut surface, so that some kind of maximum operator w
a certain width/height must be applied. If the smoothing
too narrow, the mapped image will often look grainy; if th
smoothing is to wide, some colors may be mapped (“co
pressed”) stronger than necessary. After some experim
we chose an operator that gives the maximum of all nei
bors, weighted in dependence of their distance from the
cation under consideration. The maximum operator ha
plateau of 5 degrees and 4L� units and linear ramps of 7
degrees and 6L� units.

Moreover, the form of the gamut boundary, according
the maximum operator, depends essentially on the direc
to which the maximum is referred. E. g. looking for the ma
imum chroma leads to different results than looking for t
maximum spherical radius. Here again the method mus
adapted to the direction of the gamut mapping. Note that
focal point is often located at the lightness of the cusp (i.
the point of maximum chroma at a given hue-angle). Th
means that a spherical coordinate system is different for e
hue-angle.

3. Gamut Mapping Methods

From an earlier study, it is known that if the mapping d
rection is specified to keep lightness and hue constant,
best mapping type is simple clipping.3 The general goal of
gamut mapping should be to conserve as much of the orig
chroma as possible. However, in order to achieve this, i
often necessary to modify lightness and/or hue.

Another concern is the degree of soft-clipping. One cla
of mapping type that performed well in ref. 3 is plotted
Fig. 1. We use the parameterλ to yield a continuous transi-
tion between linear compression (λ= 0) and clipping (λ= 1).
Fig. 1 shows the class of possible mapping types in rela
coordinatesc which may be identified as chroma as well a
the spherical radius, depending on the mapping direction.

3.1. Mapping Towards a Focal Point

A very popular mapping method, due to its simplicity, is
clip all out-of-gamut colors towards a focal point on the ligh
ness axis. This mapping direction often leads to lightn
modifications that are considered unacceptably large by
servers. Hence, our idea was to move the focal point of m
ping towards negative chroma (see Figure 2).

The chroma of the focal point is the parameter to vary t
direction of mapping from centroid mapping (C�

f ocus= 0) to
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Figure 1: Class of mapping types along the cylindrical/spheric
radius for a maximum reproduction radius of 0.6. The degree
soft-clipping is dependent on the parameterλ

mapping with constant lightness (C�

f ocus= �∞). Here, the
focal point depends on the hue-angle and is located at
lightness of the cusp (i. e. the point of maximum chroma)
a given hue-angle.

This kind of mapping has some drawbacks. In general,
every color to be mapped, the cross-sections between ea
the two gamut boundaries (image and reproduction) and
vector of mapping, must be found. To simplify this proce
the image gamut can be stored in fitting coordinates sinc
is calculated in real-time. However, the reproduction dev
gamut is usually calculated off-line. Hence, it is given in c
ordinates not suited for the mapping since the optimal coo
nates depend on the mapping direction which are not kno
at the time the device gamut is determined. This necessit
time-consuming iterative searches to be carried out in re
time. An alternative may be to recalculate the device gam
in the suitable coordinates, related to the focal point wh
may be located at negative chroma.

Fig. 3 shows the curves of equal lightness after the m
ping towards the focal point atC� = 0 andL� = L�

cusp with
λ = 1 (clipping).

3.2. Relative Lightness Change Mapping

To overcome the limitations of the gamut boundary descr
tion, we developed a new technique that allows mapping
varying directions from constant lightness to strong lightne
changes. The algorithm is straight-forward and avoids any
eration. Moreover, the coordinate system of the gamut bou
aries needs not to be adapted to each specific case. All ga
are simply stored in the convenient coordinates lightne
chroma and hue-angle.

The method is based on a lightness change, relative to
L�-distance from the cusp and relative to theC�-distance from
the gamut boundary, followed by a simple chroma mapp
316
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Figure 2: To achieve a mapping direction between centroid ma
ping and mapping with constant lightness, the focal point is mo
towards negative chroma.

with constant lightness. Therefore it is calledRelative Light-
ness Changemethod. The algorithm is as follows:

If (C� < λĈout(L�;h�)) or (Ĉin(L�;h�)< Ĉout(L�;h�)),
do nothing,
else

∆L� =
α

100

(L�

cusp(h
�)�L�) � (C��λĈout(L�;h�))

Cre f �λĈout(L�;h�)
(1)

L�

mod = L�+∆L (2)

C�

mod = λĈout(L
�

mod;h
�)+ (3)

+(1�λ)Ĉout(L
�

mod;h
�)

C��λĈout(L�

mod;h
�)

Ĉin(L�;h�)�λĈout(L�

mod;h
�)

whereĈin(L�;h�) andĈout(L�;h�) are the boundaries of th
image and the reproduction gamut, respectively;L�

cusp(h
�) is

the lightness of the cusp at a given hue-angle.Cre f is a param-
eter that influences the curvature of the mapping direction
must be greater than the largest possible image chroma
in this study we choseCre f =

p
2 � 128. α gives the degree

of lightness change and varies from 0 (no change) to 10
(maximum lightness change). Finally,λ gives the degree o
soft clipping, varying from 0 (linear compression) to 1 (cli
ping).

It should be noted that the relative lightness change m
od does not exactly map colors along rays originating at
focal point. In fact, there is no evidence that such strai
lines should be adhered to. Equation (1) rather provides
potential to optimize mapping curvatures, e. g. by modifyi
Cre f or by replacing the terms inL� and/orC� with higher-
order polynomials. The mapping direction also slightly d
pends on the curvature of the gamut boundary.
2
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Figure 3: Contour lines of equal lightness after clipping out-of
gamut colors towards the focal point at C� = 0 and L� = L�

cusp.

Fig. 4 shows a cross-section of CIELAB with consta
hue. It displays the curves of equal lightness after the m
ping with relative lightness change andα = 100%, λ = 1
(clipping). Compare the curvature with that of Fig. 3.

4. Experiments

4.1. Paired Comparison

We conducted psychophysical experiments to get close
the “optimum” gamut mapping algorithm. Observers had
judge, which of a given pair of reproduced images wasmore
similar to the original, viewed at the same time. Since w
wanted to exclude effects from media changes between or
nal and reproduction, all images were viewed on a calibra
Barco monitor. The original images were taken from the K
dak PhotoCD sampler (“creek”, “girl”, “windows”, “parrots”,
“rafting”) and from the Kodak web site (“colorballs”, “pig”)
and were slightly modified in order to be completely di
playable on the screen. These images were then mappe
the reduced color gamut of a dye diffusion thermal trans
printer.

The images were viewed in a dark surround, hence
screen’s lightness ranged from 0 to 100. In order to avoid
fects from the different lightness ranges, viewed on the sa
medium, the lightness of the reproduction gamut was linea
scaled to fit the range of the monitor (0–100). To make d
ferences between the reproductions more clear, the chr
of the reproduction gamut was scaled to 50%. From previo
experiments it was known that larger reproduction gamuts
less critical and that gamut mapping algorithms performi
well for small gamuts also perform well with large gamuts.

From several studies it is known that image depend
methods perform better, hence all algorithms (except for
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Figure 4: Contour lines of equal lightness after clipping out-o
gamut colors with relative lightness change andα= 100%

clipping methods) were related to the image gamuts rat
than to the gamut of the original medium.

All reproduction methods were compared against ea
other for a number of test images. The sorting of the co
binations and also the positions on the screen (left/right) w
changed randomly. The observers were asked to choose
image that was most similar to the given original. They we
allowed to make “don’t know” decisions if a preference cou
not be found. The given time to view each combination w
not limited but the subjects were advised not to take ess
tially longer than 30 seconds for each image pair. All subje
were tested for normal color vision.

From the merits of the observers, psychophysical sca
were calculated using Thurstone’s law of comparative jud
ment.4 Here it was assumed that the variances were cons
for each method under comparison, so that Thurstone’s c
number 5 could be applied.5,6

4.2. Experiment 1

Our first experiment investigated the optimum mapping
rection for a given mapping type. The mapping type w
clipping, i. e. reproducible colors were left untouched a
the out-of-gamut colors were mapped to the gamut bou
ary. The directions tested were mapping with constant lig
ness (dL0), mapping towards a focal point at the lightne
of the cusp withC�

F = 0 (F0),C�

F = �20 (F-20),C�

F = �50
(F-50), andC�

F = �100 (F-100), and the relative lightnes
change method withα = 25% (RLC25),α = 50% (RLC50),
andα = 100% (RLC100).

The images were “creek”, “girl”, “windows”, “colorballs”
“parrots”, “pig” and “rafting”, judged by eight observers. Fig
5 shows the results, averaged over all images, together
the 95% confidence intervals. It can be observed that of
3
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Figure 5: Ratings of the eight tested methods of experiment 1 o
psychophysical scale, averaged over eight observers and all ima
Algorithms are dL0, RLC25, RLC50, RLC100, F0, F-20, F-50,
100, all withλ= 1 (clipping).

tested methods mapping towards a focal point, the results
better, the more the focal point is moved towards nega
chroma. F-100 performed virtually identical to dL0 whic
would be identical with F-∞. The group of RLC methods
performed better than the F-xx group and has a maximum
preference atα = 50% (RLC50), though not statistically dif
ferent from RLC25, but significantly better than dL0.

Hence, it can be concluded that given, clipping out-
gamut colors to the gamut boundary of the reproduction p
cess is to be used, the relative lightness compression me
with α = 50% (RLC50) leads to the best results of the me
ods tested.

4.3. Experiment 2

Based on the results from experiment 1, it was then des
to optimize the mappingtype for given mapping directions
As mapping directions we chose the best of exp. 1 (RLC
and F0 which performed best in other studies (F0 with
ear compression is the same as the CUSP/GCUSP algo
published by Morovic7; if the original and the reproductio
device have the same lightness range, CUSP and GCUS
identical). The mapping type ranged from linear compress
(λ = 0) throughλ = 1=3 andλ = 2=3 to clipping (λ = 1).
Of the images of experiment 1, we chose those which p
duced the most distinct preferences (“creek”, “girl”, “win
dows”, “parrots”) and presented them to 10 observers.

Fig. 6 shows the results, averaged over all images,
gether with the 95% confidence intervals. It can be seen
for each of the two mapping directions, the ratings incre
with increasingλ, i. e. the more a method approaches cl
ping, the better it performs. Moreover, it is again shown t
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Figure 6: Ratings of the eight tested methods of experiment 2
a psychophysical scale for the accuracy of four test images.
gorithms are: RLC50la0, RLC50la1/3, RLC50la2/3, RLC50la
F0la0, F0la1/3, F0la2/3, F0la1, where “la2/3” meansλ= 2=3.

the relative lightness change method (RLC50) performs b
ter than mapping towards a focal point on the lightness ax

Note that the F0la0 method, which is identical to th
GCUSP algorithm proposed by Morovic,7 performed worst
in our experiment. A reason for the bad performance
GCUSP here may be the comparatively large difference
volume between the original and reproduction gamut. Mo
over, Morovic used images with partly more complex conte
than ours. In fact, we did not use the source code provid
by Morovic in this study, so that some uncertainty of identi
may still remain.

4.4. Experiment 3

In our third experiment, we evaluated the usefulness of h
modifications in order to preserve higher chroma. As Figure
shows, output gamuts often display sharp shapes, particul
in the bright yellows and in the dark blues. The algorithm
designed such that, given an image color, the hue of this co
is modified up to a certain limit (e. g.�10�) and the possible
chroma gain is evaluated.

Results indicate that hue-modifications of this kind in
deed can improve the appearance of reproduced images
pecially in the said color regions. The tolerance of hue-sh
seems to be at approximately�5�, but may vary with hue.
However, some artifacts were observed if the hue-shifts
applied independently for each pixel. It was observed th
image areas with colors of a certain hue mostly span a c
siderable lightness range (e. g. from 60 to 90). In the yello
hues, the chroma gain due to hue shifts is significant for hi
lightnesses, while this is not the case at the lower lightness
This results in color seams, where the border between shi
4
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b*

a*

Figure 7: Hue modif ications provide a means to retain high
chroma in reproduced images.

and not-shifted colors is well noticeable.
To overcome these artifacts, the shifting of hues m

include complete regions in color space and cannot be
plied to the color pixels independently. Hence, some kin
smoothing must be applied to the map of hue modifica
vectors.

We implemented several algorithms. All of them be
with testing if changing the hue by�1� moves a given colo
to a location where the reproduction gamut boundary lie
a higher chroma. If so, hue is modified one step further
until the given limit is reached. The differences between
algorithms were how the hue modification vectors are fur
processed.

The simplest case is no further processing. However,
can result in two colors that were initially at the same h
but at different lightnesses, being mapped to clearly dist
hues. The visual effect is the already mentioned color se
which are rather disturbing. A solution for this is to make
modification vector the same for all colors of the same h
This indeed removes the seams but on the other hand mo
some of the colors more than optimal. This in turn can e
diminish chroma rather than enlarging it.

Hence, it is necessary to evaluate the chroma gain of
single color when shifting hue, as well as the chroma
when the shift is not carried out optimally due to smoothi
We did not reach a point where the results were really
isfactory, yet, but we believe that such an algorithm can
found.

It can be said that although hue-modifications can
prove mapped images due to the fact that higher chroma
available, a very careful design of this technique is essen
Moreover, observers often found it difficult to judge the a
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curacy of a reproduction with modified hues, contrary to t
pleasantness. In an auxiliary experiment, the subjects w
presented with pairs of reproductions without the original im
age and were asked to chose the most pleasing image. H
they often chose an image where hue was modified more t
in the accuracy experiment. Hence we can assume that th
sults of hue modification experiments are dependent on h
the experiment is conducted, i. e. if an observer is asked
pleasantness or accuracy. Another study8 states that there are
no differences between accuracy and pleasantness deci
as long as the original image is pleasant. Hence one can
clude that either our test images were not pleasant enoug
the statement does no longer hold if hues are modified.

5. Discussion

From previous experiments it was known that clipping out-o
gamut colors to the output gamut boundary clearly is the b
mapping type if the lightness is kept constant. On the ot
hand, lightness sometimes must be altered to enable hi
output chroma. The purpose of this study was to investig
these effects.

Because of clipping being best when lightness is held c
stant, in the first experiment clipping was applied as the o
mapping type. The experiment compared constant lightn
clipping with three parameterizations of the relative lightne
change method (RLC) and four of the centroid method. F
the centroid method, moving the focal point to a chroma
�100 produced the best results, and this is virtually iden
cal with keeping lightness constant. The basic result that
strong lightness changes of methods such as F0 (C�

f ocus= 0)
are undesirable, is confirmed by the RLC class. Howev
RLC50 performed significantly better than every of the f
cal mappings and significantly better than RLC100 and d
(constant lightness). Obviously, the curve form of the ma
ping direction of RLC is preferable over the straight lines
the centroid mapping.

The second experiment was designed to find the optim
degree of soft clipping for a given mapping direction. He
RLC50 (optimum in exp. 1) and F0 was chosen. Fig.
clearly demonstrates that pure clipping is best for both m
ping classes. Again, RLC performed superior over F0.

Although it was expected that the best mapping ty
would not be too far from clipping, the clear preference
hard-clipping is somewhat surprising. When keeping ligh
ness constant, the blocking artifact is usually not noticea
with clipping, but here lightness is modified partly conside
ably. We can learn from this that the already reproducible c
ors are very important and they should not lose any chrom
The strong lightness changes of some of the methods s
never be tolerable for two reasons: First, an image that inc
porates strong lightness deviations from the original is n
considered very similar to the original at all. Second, t
5
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blocking artifacts are well noticeable and considered distu
ing. But even then, blocking (clipping) is favorable over to
strong lightness changes. It seems that both items are m
mized when choosing a mapping direction that only sligh
modifies lightness.

It is an open question why the GCUSP algorithm pr
posed by Morovic performs such badly in our study. O
reason may be the different conditions under which the
periments are conducted. While we viewed all images
the same media, Morovic compared monitor originals wi
printed reproductions. Possibly, the differences in viewi
conditions between monitor and reflective image had infl
ence on his optimum algorithm. Furthermore, the imag
chosen by Morovic partly had more complex scenes, and
nally, the reproduction gamut of our study had a low volum
compared with the monitor original.

While the results must be verified under more standa
ized conditions, it is interesting to compare the results w
those of Katoh and Ito9,10and Wei et al.11 These authors use a
modified color difference formula optimized for gamut map
ping to find the optimum replacement colors for out-of-gam
colors. This algorithm is only applicable if the mapping typ
is clipping. If we know that clipping is preferred regardless
the mapping direction, such a metric may solve many pro
lems.

6. Conclusions

In this study, we evaluated gamut mapping algorithms w
different mapping types and mapping directions. Among th
were the known method of mapping colors towards a foc
point as well as the newly developed relative lightness cha
(RLC) technique. The latter maps colors along curved lin
and enables the use of cylindrical coordinates lightness, ch
ma, and hue for the mapping, regardless of the mapping
rection.

It was shown that the RLC method performs superior ov
the centroid mapping. Moreover, the optimum mapping d
rection was RLC50 which means a slight adaptation of ligh
ness. The best mapping type was pure clipping, regardles
the mapping direction. These results help understanding
mechanisms of gamut mapping and support further devel
ments and research in color image reproduction.
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