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Abstract. The design of a gamut mapping algorithm (GMA) is al-
ways a compromise between preserving different competing as-
pects such as color, contrast, and lightness. A natural requirement of
a GMA is that the algorithmic treatment of this competition has to
avoid any additional artifacts such as discontinuities or loss of con-
trast. In this work, several common gamut mapping algorithms are
studied from this aspect, resulting in the observation that problems
with geometric discontinuities are widespread. For the assessment
of the phenomena induced by local mapping properties, an algorith-
mic test is developed and applied. This new test supports both the
quality check of existing as well as the development of new
GMAs. © 2006 SPIE and IS&T. �DOI: 10.1117/1.2177631�

1 Introduction

We investigate the quality of gamut mapping algorithms
�GMA�, with special emphasis on the mapping behavior of
local features, in particular continuity and contrast losses. A
special measure is proposed to make these quality-relevant
features assessable, for which psycho-visual tests may not
be sensitive.

Mapping a given source color space to a destination
space, so-called gamut mapping, is a key feature in every
color reproduction process. With the increased use of digi-
talization in image processing devices, the scientific interest
in gamut mapping concepts has grown drastically. In prin-
ciple, gamut mapping algorithms have to preserve as much
as possible of the original color appearance. This is always
a complex mixture of different aspects such as color satu-
ration, contrast, and lightness. A lot of different algorithms
were proposed with special emphasis on one or the other
aspect. See Morovic

1
for a recent overview.

Modern algorithms try to optimize several of these as-
pects simultaneously, e.g., lightness and saturation in
GCUSP

2
and SGCK.

3
This typically results in the use of

different mapping strategies in different color regions. In
general, such algorithms achieve a higher quality. However,
the increasing complexity of the algorithmic design makes
it difficult to prove that the algorithms do not produce vis-
ible artifacts. This is particularly the case for the assess-
ment of the output quality by only the traditional method,

namely the application of the GMA to a small set of estab-
lished test images judged by a small number of professional
observers.

On the one hand, a set of common test images has the
advantage of simpler comparability between different stud-
ies. Recently, to improve the comparability, the technical
committee of CIE worked out and published corresponding
guidelines.

3
These recommendations strive for a universal

gamut mapping algorithm, a device independent solution
with excellent results for an arbitrary input image. The dis-
cussion is still going on as to whether it is possible to
identify such an algorithm or at least a universal mapping
concept. The CIE committee hopes for active participation
in applying and further developing these guidelines. We
understand our work to be a contribution to this discussion,
in particular on the question of how to measure the quality
of a GMA.

On the other hand, a substantial increase of the number
of test images, similar to the assessment of compression
algorithms,

4
may help to increase the credibility of the test,

but this does not ensure that local mapping problems are
not overlooked. During the implementation of a set of
GMAs, including those described in the CIE recommenda-
tions, we became aware that a series of local mapping prob-
lems were not the result of the implementation itself, but
due to the algorithmic design. This problem seemed to have
escaped the judgment of the psycho-visual tests. What is
needed is a systematic method to study the local mapping
behavior of a GMA, covering the entire gamut.

We first describe a set of gamut mapping algorithms
within a common framework of basic mapping steps. In
this investigation, we cover GMAs using device-to-device
mapping. However, an application of the concepts to
GMAs using image-to-device mapping is straightforward.
In the second part, we introduce a test to assess the local
mapping behavior with respect to visual artifacts. It basi-
cally consists of exploring the source gamut by mapping a
sphere of radius �E=1 around a color. From the resulting
mapped solid, we can determine its volume, its surface, and
the largest and smallest mapped diameter. All those mea-
sures are good indicators of the local mapping behavior and
can be collected in histograms. In the third part, we present
results from the application of this test to the described
GMAs for a variety of destination gamuts. Results are pre-
sented and discussed for newspaper, photographic, inkjet,
and offset printing. In these applications, robust gamut
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mapping is especially important, because the high volume
of images processed does not allow for elaborate control of
every individual image.

2 Gamut Mapping Algorithms

2.1 Basic Mapping Steps

A wide variety of gamut mapping algorithms can be de-
scribed by a few basic mapping steps. To be able to inves-
tigate different GMAs, we implemented several of them.
Our generic concept allows us to describe many of the pub-
lished GMAs within a consistent notation. Note that algo-
rithms make implicit assumptions on the shapes of the
gamuts to be mapped. For three-color systems, this includes
the notation of primary �one color fully saturated, the other
two colors absent� and secondary colors �two colors fully
saturated and the third color absent�, as well as cusps �one
color at maximum, a second color at minimum, the third
color free�. Primary and secondary colors are found on dis-
tinct corners of the gamut boundary, and the cusps form
edges connecting the primary and secondary colors. It is
straightforward to use these definitions also for a CMYK
color system, as black �K� is used mainly to replace the
common part of C, M, and Y colors.

Once a color is transformed to a device independent
color space, for instance CIELAB, we can describe the
mapping as follows �see Fig. 1�. In our notation, the indices
s and d refer to source and destination, respectively. Fur-
thermore, we use W for the white point, B for the black
point, and C for the cusp of a gamut. The term X is used for
a general color and S is used for a color on the gamut’s
border. For every given color Xs, a focal point Fs can be
assigned. Its exact position depends on the specific GMA.
A ray with Fs as its origin and passing through Xs is inter-
sected with the source gamut border, yielding Ss. Every
GMA must have a defined strategy of mapping border col-
ors Ss to corresponding destination colors Sd. Finally, the
mapped color Xd can be found on the line SdFd. Its position
is defined by the 1D mapping function of the line SsFs to
the line SdFd. For some algorithms, an additional clipping
step has to be added. This is the case if after the prior
operations some of the mapped colors lie outside the des-
tination gamut.

In the following, we list six basic mapping operations
used to describe a large class GMAs. A specific algorithm
may not make use of all those steps.

Working color space. The transformation from source

color space into gamut mapping working color space, and

from there to the destination color space, needs to be de-

fined. We assume that these transforms include at least par-

tial compensation for color appearance, and that the color

space has a good distance measure as well as good predic-

tors for hue, chromaticity, and lightness. Because most of

the used GMAs are designed to work in CIELAB, we used

this color space to allow for a acceptable comparison. How-

ever, the presented tests and basic results are independent

of the working color space used, and the results are valid

also for other color spaces.

Lightness compression. The source gamut is com-

pressed in the L direction. As a result, Ws is mapped to

Wd and Bs to Bd. The compression may, for example, be

linear,
5

described by a sigmoidal shaped function,
6

or de-

pend on chroma C*.
2

Focal points. Focal points are often used to define the

direction of the color mapping. They may be fixed,
7

but

may also depend on hue angle
2

or lightness.
8,9

In most

cases, the mapping of the focal points is trivial, as they map

to themselves, i.e., Fs=Fd.

Border colors. For most GMAs, the mapping of the col-

ors at the gamut surface also plays an important role in the

mapping of all other colors. For a device gamut completely

enclosed by the source gamut, the source gamut boundary

is mapped on the destination gamut boundary. If the desti-

nation gamut has parts exceeding the source gamut, the

source gamut boundary colors are usually left unchanged

for those parts. An exception are GMAs allowing for gamut

expansion.
10

A typically simple mapping strategy is the use

of a straight line from a source border color Ss to a focal

point Fs, intersecting the surface of the destination gamut,

yielding Sd. Alternatively, the use of curved lines was

proposed.
11

Mapping function. Once the mapping of the border colors

is known, the mapping of the bulk colors is defined along a

1-D mapping function. This mapping is usually done on

straight lines, but also curved lines can be used. Different

mapping types are used such as linear, clipping, or a variety

of intermediate functions. Examples are shown in Fig. 2.

Clipping. Depending on the GMA, some colors may still

lie outside the destination gamut even after application of

the previous mapping steps. In this case, they have to be

clipped to the destination gamut border. Different methods

are used such as minimum distance mapping in 2- or 3-D

and clipping along straight lines toward a focal point.

2.2 Description of Gamut Mapping Algorithms Used
in This Work

2.2.1 Gaussian lightness compression and cusp
scaling

This algorithm, called GCUSP, was first described in the
thesis of Morovic

2
and was later used in several GMA

Fig. 1 General mapping scheme from a device source gamut to a
destination gamut.
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evaluations. It consists of an initial chroma-dependent
lightness compression followed by a compression toward
the lightness of the cusp on the lightness axis. We found
two variants of the GCUSP algorithm in the literature. At
first, one

12
only compresses colors that are outside the des-

tination device’s gamut. This leads to a pronounced discon-
tinuity at colors that are close to the destination gamut bor-
der. A second variant of the algorithm, called GCUSP99 by
Pirrotta, Newman, and Lavendel

13
applies the same com-

pression to all colors. We use the terms GCUSP1 for the
first variant and GCUSP2 for the second variant, whenever
a distinction is appropriate.

In terms of the mapping steps defined before, the algo-
rithm can be described as follows.

1. CIELAB is used as working color space with full
adaption of the white point.

2. Lightness compression is linear but chroma depen-
dent, using the following function:

pc = 1 − � C*3

�C*3 + 5 � 105�
�1/2

. �1�

Full lightness compression �pc=1� is applied to

the achromatic axis and its degree is decreased as
chroma increases.

3. Focal points lie on the achromatic axis. L are hue
dependent and correspond to the lightness of the
cusp Fs=Fd.

4. If a border color Ss is outside the destination
gamut, it is mapped to Sd, defined by the intersec-
tion of the line SsFs with the destination gamut,
otherwise Sd=Ss.

5. The mapping function uses linear compression.
GCUSP1 applies linear compression only to out-
of-gamut colors, GCUSP2 applies it for all colors.

6. Clipping is not needed.

2.2.2 Sigmoidal lightness mapping and cusp knee
scaling

This algorithm, called SGCK, is one of the two GMAs
recommended by CIE to be used as a reference algorithm in

psycho-visual tests. The details of this algorithm are de-
scribed in the CIE guidelines.

3
This algorithm is a combi-

nation of GCUSP and the sigmoidal lightness mapping and
cusp knee scaling proposed by Braun and Fairchild.

6
One

difficulty for its application to the newspaper printing ap-
plication was that the parameters for sigmoidal lightness
mapping are not defined for Lminr values larger than 20. For
the newsprint gamut, which has an Lminr of about 40, the
values for the maximum available Lminr were used.

In terms of the mapping steps defined before, the algo-
rithm can be described as follows.

1. CIELAB is used as working color space with full
adaption of the white point.

2. Lightness compression is chroma dependent as in
GCUSP and uses nonlinear compression based on
a discrete cumulative normal function.

3. Focal points lie on the achromatic axis. L is hue
dependent and corresponds to the lightness of the
cusp Fs=Fd.

4. If a border color Ss is outside the destination
gamut, it is mapped to Sd defined by the intersec-
tion of the line SsFs with the destination gamut,
otherwise Sd=Ss.

5. The mapping function uses a knee-shaped com-
pression.

6. Clipping is not needed.

2.2.3 Hue preserving minimal �E

The details of this algorithm, called HPMinDE, are de-
scribed in the CIE guidelines.

3
It keeps colors inside the

destination gamut unchanged, and maps outside colors to
the destination gamut border. This is done by minimum
distance clipping within planes of constant hue.

In terms of the mapping steps defined before, the algo-
rithm can be described as follows.

1. CIELAB is used as working color space without
adaption of the white point.

2. No lightness compression is applied.
3. Focal points are not needed.
4. Border colors are not needed.
5. Mapping function is not needed.
6. For a color Cs outside the destination, its mapped

color is determined by the closest border color Sd

with the same hue.

2.2.4 Three-dimensional minimal �E

This algorithm, called MinDE3D, minimizes 3-D color-by-
color differences between the original and reproduction. A
mathematical method of the minimum �E clipping is given
by Morovic and Sun.

14
In this work, we used �Eab

* as a
distance measure. The results and systematic problems dis-
cussed next are basically the same also if other distance
measures are used.

The minimum distance can be performed with any of the
known color difference formulas such as �Eab

*
�E94,

15

�ECMC,
16

and �EBFD.
17

Katoh and Ito
18

have suggested a
weighted color difference formula. In terms of the mapping
steps defined before, the algorithm can be described as fol-
lows.

Fig. 2 Typical 1-D mapping functions: clipping, linear compression,
knee function �SGCK�, and nonlinear compression �SGDA�.
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1. CIELAB is used as working color space without
adaption of the white point.

2. No lightness compression is applied.
3. Focal points are not needed.
4. Border colors are not needed.
5. Mapping function is not needed.
6. For a color Cs outside the destination, its mapped

color is determined by the closest border color Sd

using the chosen distance measure.

2.2.5 CARISMA

The approach used for this algorithm, developed in a
project called “color appearance research for interactive
system management and application” �CARISMA�, was to
ask color experts for professional image reproduction, and
capture what they do.

5
The special characteristics of this

algorithm are that it suggests changes to hue and that it uses
different mapping methods for different hue sections, de-
pending on the relative shapes of the original and reproduc-
tion gamuts. A hue shift is defined for the hue planes con-
taining the primary and secondary colors of the source
gamut half way toward the hue of the primary and second-
ary colors of the destination gamut �see Fig. 3�. Hue shift of
intermediate colors is determined by linear interpolation
�see Fig. 4�.

In terms of the mapping steps defined before, the algo-
rithm can be described as follows.

1. CIELAB is used as working color space with full
adaption of the white point.

2. Lightness compression is linear.
3. For the definition of focal points Fd, three cases

are used, depending on the relative position of the
hue shifted source cusp Cs� and the destination
cusp Cd �see Figs. 5 and 6�. Note that small
changes in the form of the gamuts can result in
very different positions of the focal point.

• The source gamut does enclose the destination gamut,

and the intersection of the line Cs�Cd with the achro-
matic axis is within the destination gamut. Use this
intersection as Fd.

• The source gamut does enclose the destination gamut,

and the intersection of the line Cs�Cd with the achro-
matic axis is outside the destination gamut. Use the
point on the achromatic axis with the same lightness
as the cusp Cd as Fd.

• The source gamut does not enclose the destination
gamut: Fd has L=0 and C* equals half the chroma of
the destination cusp Cd.

4. Border colors Ss are first shifted in hue to Ss�. If Ss� is
outside the destination gamut, Sd is the intersection of

the line Ss�Fd with the destination gamut, otherwise
Sd=Ss�.

5. The mapping function is linear. However, for some
mapped lines case 3 has no valid solution �see Fig.
6�b��, and an additional mapping rule has to be de-
fined.

6. Clipping is not needed.

Due to the fact that a description of the CARISMA al-
gorithm is not complete,

2,19
we did not include CARISMA

Fig. 3 Hue shift of CARISMA and SGDA algorithms: Full hue shift
for primary and secondary colors. Fig. 4 Hue shift of CARISMA and SGDA algorithms: interpolated

hue shift as a function of hue.

Fig. 5 Cases 1 and 2 of the CARISMA mapping. Note that small
changes in the form of the gamuts can result in very different posi-
tions of the focal point.
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in our continuity assessment. Interesting aspects concerning
continuity are described in the discussion section later on.

2.2.6 Enhanced Schläpfer

The Schläpfer algorithm
20

, called SCHLP, was one of the
first mapping algorithms designed for the newspaper print-
ing gamut. It has roots similar to CARISMA to model the
mapping based on the experience of printing experts. The
original algorithm separates the lightness mapping com-
pletely from the chroma mapping. The chroma mapping is
described only in the 2-D projection onto the chromaticity
plane, leading to an incomplete description of the 3-D map-
ping. Some mapped colors are still outside the destination
gamut after the mapping. Thus, an additional step had to be
introduced.

In terms of the mapping steps defined before, the algo-
rithm can be described as follows.

1. CIELAB is used as working color space with full
adaption of the white point.

2. Lightness compression is linear.
3. The focal points Fs lie on the gray axis with the

same lightness as Xs.
4. No special mapping of border colors is needed;

instead, lightness is conserved and chroma is

scaled with a hue dependent ratio k defined by the
ratio of the chroma of the cusps:

k = min�Cd

Cs

,1� . �2�

5. The mapping function uses a nonlinear compres-
sion, defined by the following equation:

Xd = kXs�Xs

Cs

�k − 1� + 2 − k� . �3�

6. Clipping is done along lines toward the center of
the gray axis.

2.2.7 Smooth gamut deformation algorithm

This new algorithm, called SGDA, incorporates two main
features of the CARISMA algorithm.

5
The first uses the

same explicit hue shift defined by the hue differences of the
primary and secondary colors of the source and destination
device. The second is the goal to map the source cusp close
to the destination cusp. Different from CARISMA, the
mapping is done with a nonlinear gamut compression. Fur-
thermore, the algorithm is designed to map to the full des-
tination gamut, thus allowing for gamut expansion as well.

In terms of the mapping steps defined before, the algo-
rithm can be described as follows.

1. CIELAB is used as working color space without
adaption of the white point.

2. No separate lightness compression step is needed.
Compression is done implicitly with step 5.

3. A hue independent focal point on the gray axis is
used. Note that Fs is different from Fd, because no
extra lightness compression is performed. For our
implementation, we used the center of the gray
axis as a focal point, i.e., Fs= �Ws+Bs� /2 and Fd

= �Wd+Bd� /2.

4. The mapping of border colors consists of two
steps. First, a hue shift as defined for CARISMA is
applied. The amount of hue shift p1 can be varied
from p1=0 to full shift p1=1. We used a setting of
p=0.5. The determination of the position of Sd on
the destination gamut cut is done by equalizing the
normalized areas As and Ad bounded by Fs−Ws

−Ss and Fd−Wd−Sd, respectively. The normaliza-
tion is done using the full areas bounded by the
achromatic axis and the gamut border �see Fig. 7�.

5. The mapping function is nonlinear of the follow-
ing form:

Xd = p2	Sdtanh� Ss

Sd

tanh−1�Xs

Ss

��

+ �1 − p2��XsSd

Ss

� . �4�

The parameter p2 allows us to adapt the degree of
nonlinearity. For our study, we used p2=0.75. For
p2=1, this function simulates the mapping behav-
ior of photographic paper: its saturation curve can
be approximated with a tanh-type function.

21

Fig. 6 Cases 3 of the CARISMA mapping. Case 3�b� shows a con-
figuration with undefined mapping for colors close to Cs.
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6. Clipping is not needed.

3 Experimental

3.1 Continuity Assessment

Two methods were developed to test the local mapping
behavior of gamut mapping algorithms. The first deter-
mines the maximum �E distance of two mapped neighbor-
ing RGB colors and aims to detect discontinuities of the
mapping. The second more elaborate test investigates how
unit �E spheres are mapped. This test also extracts features
assessing contrast reduction and contrast loss.

3.1.1 Mapping of neighboring RGB colors: dRGB
test

The aim of this test is to determine to what extent a gamut
mapping algorithm may cause artifacts in smooth color gra-
dients in images encoded with 3�8 bits. If the difference
of two colors in an original image is below the visible limit,
the mapped colors should also be below this limit. Neigh-
boring sRGB colors �i.e., �RGB=1 in one, two, or three
colors� are good candidates for such a test, because their
difference can be assumed to be close to or below the vis-
ible limit. This is justified by the fact that most RGB color
spaces show maximal differences of neighboring color
codes below �E=2.5.

22

The test method, called the dRGB-test, can be described
by the following steps.

1. Select a pair of neighboring 8-bit RGB colors.
2. Calculate the mapped RGB colors �numerically

accurate without 8-bit quantization�.
3. Calculate CIELAB values of the mapped colors

and their distance �Eab
* .

4. Keep the color pairs with the largest �E.
5. Repeat this test for a large set of color pairs.

This test can be made exhaustive: all combinations of
neighboring 8-bit RGB pairs could be tested. For an over-
view, a subset of some million random neighboring color
pairs is sufficient. The resulting color pair with the maxi-
mum �E can be used to construct an image containing only

these two colors, allowing us to visualize to what extent
artifacts may be caused by the investigated mapping algo-
rithm.

3.1.2 Unit �E=1 spheres mapping: unitDE test

This test maps unit spheres in CIELAB with a radius of the
just noticeable color distance ��E=1�. For computation,

the spheres are approximated by a regular polyhedron. Sev-
eral features of the mapped solid are computed: the largest
mapped radius �EDmax, the smallest mapped radius �EDmin,
the volume V, and the total surface S of the resulting solid.
From the volume V, a length �Evol is determined corre-
sponding to the radius of a sphere with the same volume.
Analogously, �ESrf is defined as the radius of a sphere with
the same surface as S. These measures will be used to de-
tect discontinuities and to judge the behavior concerning
contrast loss. On the one hand, maximum distances �EDmax

much larger than one are an indication for discontinuities.
On the other hand, clipping to the surface results in �Evol

=0 and �EDmin=0. Clipping to an edge additionally yields
�ESrf=0, and for clipping to a corner we even find
�EDmax=0.

The test method, called the unitDE test, can be described
by the following steps.

1. Choose a random color in CIELAB.
2. Convert to RGB. Skip the color if it is not within

the RGB cube.
3. Construct a regular polyhedron with corners of

equal distance �E=1 to the center color.
4. Verify that all colors of the polyhedron are within

the RGB cube, otherwise skip the color.
5. Calculate mapped colors in CIELAB. Examples

are given in Figs. 8 and 9.
6. Determine minimum distance �EDmin, maximum

distance �EDmax, volume V, and surface S of the
mapped solid, and compute the derived features
�Evol and �ESrf.

7. Collect the four features in separate histograms.

Note that the randomization is made in CIELAB and not in
RGB to get a uniform distribution over the working color
space. The calculation is made on a set of typically one
million samples. In our tests, we used the CIELAB as

Fig. 7 SGDA: mapping scheme for surface colors using normalized
area.

Fig. 8 Mapping of a unit sphere using different algorithms: �a�
SGDA �mapped to an ellipsoid�, �b� HPMinDE �clipped to ellipse�,
and �c� MinDE3D �clipped to a line on an edge of the destination
gamut�.
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working space and �Eab
* as a distance measure. The test can

be used for other color spaces and distance measures.

3.2 Gamut Boundary Description

For the description of the involved source and destination
device, we need to have access to a model describing the
transformations to and from a device independent color
space such as XYZ. Depending on the device, this may be
defined by a mathematical transformation, a color repro-
duction model, or an international color consortium �ICC�
profile. For this work, we used sRGB as a source gamut. As
output device, we selected four widely used applications:
newspaper, photographic, inkjet, and standard offset print-
ing. Color measurement data from standard ICC profiles
were used to build the gamut boundary description for
newspaper printing,

23
photographic printing,

24
inkjet

printing,
25

and for standard offset printing on coated
paper.

26

The gamut boundary was approximated by a set of
gamut surface points at the vertices of a grid of triangles.
The description used is basically the “segment maxima
gamut boundary descriptor.”

27
We used the description

where the position of the grid colors are not defined by
fixed spherical angles. In this way, corners and edges of the
gamut boundary, which are usually well defined for media
gamuts, can be modeled to a higher precision, because grid
points can be put exactly on corners and edges.

It is important to verify that the gamut boundary descrip-
tion does not induce discontinuities or other visual artifacts.
Two points need special attention. First is the effect of nu-
merical approximations, especially if ICC profiles are used,
and second is the influence of the size of the grid. To check
the validity of the data processed by the ICC profiles, color
reproduction models were used in parallel to verify the re-
sults of the continuity tests. For all used profiles, we alter-
natively constructed gamut boundaries based on measured
surface colors, on which the profile calculation was based.
For photographic paper, a model-based description

28
of the

color reproduction was used. In general, the local mapping
behavior is not sensitive to the number of faces used for the
description of the gamut boundary. An important exception
is GMAs, which rely on minimum distance determinations.
A discussion of this topic is given later.

Except where noted, we used a 1440 face grid. In Fig.
10, we show typical grids of the sRGB gamut compared to
newspaper, photopaper, offset, and inkjet gamuts.

4 Results and Discussion

4.1 Artifacts Caused by Gamut Mapping

Artifacts in images are a quite common problem in the
printing industry. In many cases, their source cannot be
determined because of the complexity of the color manage-
ment work flow. If we want to visualize artifacts caused by
GMAs, we have to use reliable input and output device
descriptions and idealized images. Images showing color
gradients are useful, because the eye is especially sensitive
to irregularities in such images. Gradual color changes are
common in graphic arts but also in natural images, such as
sky, snow, and illuminated homogeneous walls.

As an illustration, Fig. 11 shows the kind of perceptual
effects that are produced if continuity aspects are not con-
sidered in the mapping design. One example is taken from
the GCUSP1 algorithm, which makes a conceptual distinc-
tion between out-of-gamut colors and in-gamut colors. This
distinction can readily be seen in the mapped images. The
second example using hue preserving minimal �E
�HPMinDE� shows the effect of minimum distance map-
ping to a polynomial approximation of a concave surface
using a coarse grid of 72 faces. Such artifacts occur only in
small color regions. They could escape detection, even if a
large number of arbitrary images were used. With the pro-
posed tests, we are able to find critical color regions for a
given GMA and printing application. It is then straightfor-
ward to construct images visualizing the extent of such an
artifact. In the following discussion, we show how to de-
termine and visualize such artifacts. We concentrate on two
topics: discontinuities and loss of contrast.

4.2 Discontinuities

Testing the mapping of neighboring RGB colors is suitable
to investigate and visualize discontinuities. The test was
applied for every combination of a set of GMAs and the
two destination gamuts for newspaper and photographic
printing. The RGB color pairs with the maximum �E were
used to build an image of a small square on a square back-
ground using the two colors. Examples are shown in Fig.
12 for the newspaper gamut using different GMAs. The left
side of a patch shows the original color pair and the right
side the mapped color pair. On the left side we see no
difference between the center part and the background. The
right side shows the maximal visual effect caused by the
mapping. If the right side shows no or only very little visual
difference, the GMA can be considered as uncritical with
respect to discontinuities, as is the case for the smooth
gamut deformation algorithm �SGDA� and enhanced
Schläpfer �SCHLP� algorithms.

For numerical comparison, the �EDmax feature of the
unitDE test is a more suitable measure, because we com-
pare the mapping of color pairs with equal �E distance.
The results are shown in Table 1 for our set of GMAs and
two different destination devices. A priori, it is not evident
what limit has to be set on �EDmax to define a visual rel-
evant discontinuity. If we consider the visual results from
the dRGB test, a limit in the range 5��E�8 seems to be
reasonable. Using �E=6 as a limit, SCHLP and SGDA

Fig. 9 Mapping of a unit sphere showing discontinuity: the colors
are mapped to two separated parts.
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would be considered as uncritical, HPMinDE as being
close to the limit, and SGCK, 3-D minimal �E
�MinDE3D�, and both variants of GCUSP as unacceptable.
This is in good agreement with the results obtained from
the dRGB test. A closer analysis of the reasons for high
�EDmax values revealed that all but SGDA and SCHLP
show discontinuities. Three different reasons were identi-
fied: the largest discontinuities, found in GCUSP1, are at
the boundaries of regions with different mapping strategies.

For SGCK and GCUSP2, multiple solutions in cutting a
mapping line with the gamut boundary were identified as
the cause for discontinuities. Finally, for hue preserving
minimal �E �HPMinDE� and MinDE3D, minimum dis-
tance mapping to concave surfaces turned out to be prob-
lematic. For HPMinDE, the discontinuities are small, and
may not cause visual artifacts in practical applications. In-
terestingly, MinDE3D shows much larger values for
�EDmax compared to HPMinDE for three of the four stud-
ied destination gamuts. This is caused by a more pro-
nounced convexity of the gamut border in the hue direction
rather than perpendicular to it. An analysis of the direction
of the maximal mapped color difference for MinDE3D
showed dominant hue components for those three destina-
tion gamuts.

In the following, we discuss these three causes for dis-
continuities in detail.

4.2.1 Intersecting lines with gamut boundary

Many algorithms use intersections of lines with gamut bor-
ders for the definition of chroma or lightness compression.
The intersecting angle has a strong influence on the deriva-
tive behavior. Small angles between the mapping line and
gamut surface may cause an amplification of noise in im-
ages. Usually, no explicit precautions are made to avoid
small intersecting angles. Even more, if algorithms are used
in applications with gamut boundaries different from the

Fig. 10 Printing gamuts �solid� compared to sRGB gamut �wire grid� for newspaper printing �top left�,
photo paper �top right�, coated offset printing �bottom left�, and inkjet printing �bottom right�. The
projection on the L*-a*-plane of CIELAB is shown.

Table 1 Maximum mapped �E for various GMAs for newspaper and
photographic printing.

Newspaper Photo Offset Inkjet

SCHLP 3.6 2.4 3.2 2.3

SGDA 2.8 3.7 3.9 3.5

HPMinDE 5.3 3.7 4.4 3.9

MinDE3D 11.6 6.5 3.7 9.0

SGCK 8.6 8.6 7.4 8.1

GCUSP2 15.4 10.8 9.5 9.6

GCUSP1 26.9 32.2 32.5 32.1
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one for which the method was optimized, the intersecting
behavior is not under control and may even cause ambigu-
ous results. For example, applying the GCUSP2 algorithm
to the small lightness range of newsprint media turns out to
be problematic. The large deformation of the source gamut
due to the chroma-dependent lightness compression caused
some mapping lines to have triple intersection with the
gamut border �see Fig. 13�. In this case, the mapping is
ambiguous and will cause discontinuities. The SGCK algo-
rithm is based on the same C-dependent L compression,
thus it shows the same problem.

4.2.2 Boundaries of regions with different mapping
strategies

This source for discontinuities may occur at the boundary
of color regions treated with different algorithms or param-
eters. An example is the GCUSP2

12
algorithm, which treats

out-of-gamut colors and in-gamut colors differently. If
source and destination gamuts are not too different, the re-
sulting discontinuity may not be visible for most images,
but for small destination gamuts, it produces disturbing ar-
tifacts. Very recently, Cho, Kim, and Ha

29
proposed a color

space division with parabolic functions to define the map-
ping direction. The mapping direction is claimed to be con-

stant within a region. However, without special precau-
tions, the mapping of colors at the region border will not be
continuous.

4.2.3 Minimum distance mapping

As long as a gamut surface is convex, the minimum dis-
tance mapping always has a unique solution. However, if
colors have to be mapped to concave surfaces, unforeseen
problems arise for colors that are at a distance that exceeds
the radius of the curvature of the surface. This problem
exists for 2- and 3-D mappings. Ambiguous mapping and
therefore discontinuities exist as soon as the center of the
sphere describing the curvature lies within the source
gamut. Minimum distance mapping should be avoided for
all such destination gamuts. Using a polyhedral description
of concave gamut surfaces will always cause discontinui-
ties for minimum distance mapping. An illustration is
shown in Fig. 14. Thus, to avoid visual discontinuities, a
finer polyhedral grid may reduce discontinuity problems for
minimum distance GMAs.

4.3 Contrast Loss

The most pronounced contrast loss can be found for algo-
rithms using clipping. An illustration is given in Fig. 15.
These images are constructed with the two farthest apart

Fig. 11 Artifacts in color gradients: GCUSP1 algorithm showing vis-
ible boundaries of regions with different mapping strategies �top�,
and minimum distance mapping to polygonal approximations of con-
cave gamut border �bottom�.

Fig. 12 Artifacts caused by discontinuities using gamut mapping to
newspaper gamut: maximum �E for GCUSP1, SGCK, MinDE3D
�top, left to right� and HPMinDE, SGDA, and SCHLP �bottom, left to
right�. The left half of each square shows the original color and the
right half shows the mapped colors.

Fig. 15 Visualization of artifacts caused by contour loss: MinDE3D
�left� and HPMinDE �right�. The left half of a square shows the origi-
nal colors and the right half shows mapped colors.
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colors, resulting in visually identical mapped colors. The
results are shown for HPMinDE and MinDE3D on the
newspaper gamut. From the unitDE test, three different
types of clipping can be distinguished: clipping to a sur-

face, clipping to an edge, and clipping to a corner. From the
histograms we can extract the percentage P of clipping of
these three types:

PSrf = Hvol�0� − HSrf�0� , �5�

Pedge = HSrf�0� − HDmax�0� , �6�

Pcorner = HDmax�0� . �7�

The histograms HSrf, Hvol, and HDmax are shown in Fig.
16 for newsprint gamut and the two GMAs, MinDE3D and
SGDA. Note that the percentage scale is logarithmic. This
allows us to also visualize small occurrences of a specific
�E entry. MinDE3D, as a typical clipping algorithm, shows
several distinct maxima in the histograms. HDmax shows
two maxima, one at �E=0 for the clipped colors, and the
other at �E=1 for the unaltered colors. HSrf shows an ad-
ditional broad peak at �E=0.7. Its presence can be ex-
plained by the fact that a sphere clipped to a plane has half
its original surface. The corresponding radius �ESrf is thus
�1/2. SGDA shows no distinct peaks, but more importantly
the histogram shows no entries close to �E=0 and above
�E=2.5.

Table 2 shows the percentage of the three types of clip-
ping in MinDE3D, HPMinDE, and SCHLP, for the four
investigated printing applications. The other investigated
algorithms SGDA, GCUSP, and SGCK, are not shown in
the table because they do not use clipping at all. If
MinDE3D or HPMinDE is used, the amount of clipping to
edges is especially high for the newspaper printing applica-
tion. For MinDE3D, more than 10% of the colors are
clipped to a corner, losing all its contrast information. This
indicates that contrast loss gets to be a severe problem if
the destination gamut is small compared to the source

Fig. 13 Multiple intersections of a mapping line with source gamut
�Ss,1 ,Ss,2 ,Ss,3�. Example from GCUSP2 for mapping sRGB to
newspaper gamut.

Fig. 14 Illustration of bivalent mapping to a polygonal approxima-
tion of a concave gamut boundary �top� and to a smooth, concave
gamut boundary �bottom�.

Fig. 16 Histograms of �Evol, �ESrf, and �EDmax of mapped dE=1
spheres for SGDA �top� and MinDE3D �bottom� algorithms.
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gamut. Note that for MinDE3D and HPMinDE, the total
percentage of clipped colors corresponds to the percentage
of out-of-gamut colors.

Several gamut mapping studies suggest that clipping is
preferred over compression.

6,11,30,31
Conservation of color

saturation seems to be more important than contrast conser-
vation of saturated colors. The previous results show that if
clipping is used in the design of a GMA, at least the clip-
ping of color regions to lines or to points should be avoided
to restrict the loss to, at most, one of the three dimensions
of the color contrast.

For small destination gamuts, however, contrast loss is a
major problem if a GMA is designed based on maximiza-
tion of color saturation. Particularly important is the pres-
ervation of luminance contrast, because human depth per-
ception is based mainly on lightness gradients. Thus, it is
not surprising that GMAs developed for newspaper
printing

5,19,20
all use compression as a major mapping strat-

egy.

5 Conclusion

From a geometrical point of view, gamut mapping can be
described as a transformation from one 3-D solid into an-
other. Based on today’s knowledge of computational geom-
etry, it is not surprising that the previously described con-
tinuity problems of GMAs have a large influence on the
overall quality of its performance. In this context, it is
worth also to note that in computational geometry, accuracy
and continuity aspects were underestimated for a long

time.
32

Recently, continuity problems in color science ap-
plications were also discussed for the implementation of the
CIEDE2000 difference formula.

33

The discussed local mapping problems deserve special
attention when designing a universal gamut mapping ap-
proach. Mapping algorithms designed for industrial appli-
cations must avoid visual failures, even if they occur only
rarely. The strong and disturbing effect of this kind of prob-
lem may be increased by the fact that the human depth
perception view is based mainly on lightness gradients. The
tests that are developed check for the occurrence of contrast
losses and continuity problems. Note that these tests can
also be adapted to test color management systems for local
mapping properties of ICC profiles.

The use of a controlled gamut mapping design can avoid
such problems. This is particularly important for GMAs
that use image-based gamut descriptions such as alpha
shapes

34
and flow shapes.

35
The shape of these gamuts do

not allow the use of minimum distance methods and call for
special attention if intersections of lines with gamut borders
are used to define the mapping functions. Thus, new con-
cepts for gamut mapping are needed for this application.
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