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Abstract

A color mapping method was developed for device to device color
mapping for pictorials and business graphics. The color mapping
starts from gamut surface for the preference of business graphics
or the tradeoff between business graphics and pictorials. As the
process moves toward the interior of the gamut, the mapping is
gradually adapted to the preference of pictorials. Instead of
performing color mapping point-wisely, it selects a small number
of points for color mapping and process other points by
interpolation using relative neighbor color information. It
incorporates primary adjustment and gamut mapping into a single
step.  Using relative neighbor color information for color
mapping, it well preserves the color to color relationship. This
property makes it particular good for business graphics. Applying
interpolation instead of gamut mapping for the color mapping of
majority of colors, it significantly improves the performance of the
gamut mapping process.

Keywords: gamut mapping, color adjustment, hue rotation, lookup
table, interpolation

1. Introduction

Due to the gamut limitation in reproducing color, gamut
mapping is essential for adapting colors from one device gamut to
another. In the past fifteen years, many approaches have been
developed for gamut mapping. Topics related to gamut mapping
include: color appearance adjustment; color spaces for gamut
mapping; how to shape source colors to fit into a destination
gamut; point-wise gamut mapping versus spatial gamut mapping;
and device-dependent versus image-dependent gamut mapping.

In cross color reproduction, the viewing conditions and
imaging media between a source and a destination may be
different. A typical example is the color transformation from a
monitor display to a printer hardcopy. Color appearance
adaptation or adjustment is an essential step for preferred color
reproduction. This may include white point and black point
adaptation, contrast adjustment, and color preference adjustment.

In early days, CIELAB color space was widely used for
gamut mapping. Due to the blue hue nonlinearity in CIELAB
color space, blue colors may be gamut mapped to purple [1, 2].
Different approaches were developed to fix the problem. Hue
rotation in CIELAB color space is a simple approach. Braun and
Fairchild developed a hue-linearized CIELAB color space for
gamut mapping [3]. Marcu [4] and McCann [5] applied Munsell
renotation system (MLab) for gamut mapping to solve the non-
uniformity of CIELAB color space. Although a color space may
work well for the gamut mapping in some gamut regions, it may
have problems in other regions. For example, CIELAB works
well for gamut mapping in general except for the blue region.
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Zeng proposed using multiple color spaces for gamut mapping to
solve color space problems for gamut mapping [1]. For example,
a blue-hue linearized color space is applied for gamut mapping in
the blue region, and CIELAB color space is used for gamut
mapping in other regions. Zeng further developed a composite
color space concept to simplify the gamut mapping using multiple
color spaces [6]. With the newly developed CIECAMY97s and
CIECAMO2 color appearance models, gamut mapping has been
widely applied in CAM97s JAB or CAMO2 JAB [7]. However,
using a composite color space is still very useful, such as for
generating colorimetric mapping tables for printer ICC profiles.

The gamut mapping to reshape color gamut has been an
active research topic in the past fifteen years. The simplest one is
to clip source colors into the destination device gamut, ignoring
the source gamut. An example is the generation of a colorimetric
table (BToAl tag) of a printer ICC profile. There are many papers
address how to determine directions to clip out-of-gamut colors
[8-10].

The second category is to map a source device gamut into a
destination device gamut, ignoring image contents. A majority of
published gamut mapping methods belongs to this category.
Various geometrical mapping methods have been developed to
map colors from a source device gamut into a destination device
gamut. Braun and Fairchild proposed using Sigmoidal contrast
enhancement for lightness rescaling to optimize contrast mapping
[11]. Morovic and Luo [12], MacDonald et al [13], Lee [14] and
many other researchers [15-19] developed or investigated different
methods for the gamut mapping from a device gamut to another.
Most of these gamut mapping methods are suitable for the
mapping from a device to another for pictorials, but have
difficulties in producing smooth ramps for business graphics.

The third category is the image-dependent gamut mapping.
Instead of mapping from a source device gamut to a destination
device gamut, it maps from the source image gamut of an image to
a destination device gamut [20-22]. Image-dependent gamut
mapping expects to perform better color result than image-
independent gamut mapping. However, in practical, automatic
image-dependent gamut mapping may not outperform the gamut
mapping using a fixed source gamut due to varieties of image
gamut shapes, lack of human interaction for adjusting gamut
mapping parameters, and real-time performance issues.

Typically, gamut mapping is performed point-wisely. Some
image details may be lost due to gamut compression, or noise may
be amplified due to gamut expansion. Spatial gamut mapping
algorithms, in which the color information of each color and its
neighbors are used, try to retain the spatial details [23-25]. Two
pixels with the same color may be mapped to different colors,
depending on the local spatial characteristics of an image. Since
the spatial processing is image-dependent and must be performed
at real-time, they can be too slow for many practical applications.
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Without manual adjustments, most of gamut mapping
methods has difficulties in performing gamut mapping smoothly
for computer generated graphics images. Braun, Bala, and
Harrington [26] developed several gamut mapping methods for
business graphics images, in which they concluded their rotated
device mapping performed the best of all. However, because the
gamut mapping is performed in a device-dependent color space,
the quality may be dependant on the printer device color space.
Furthermore, the gamut mapping is not suitable for pictorials.
Because printer drivers are not able to determine object types
(photographic images or business graphics images, etc.) reliably, a
lookup table (LUT) generated by this kind of mapping method
must be blended with a LUT generated by other gamut mapping
methods for driver based printing applications.

Zeng [27] presented a method to preserve primaries in ICC
color management system, which is used for printing computer-
generated graphics. However, a color map for the transformation
from a default monitor color space to a printer device color space
for business graphics must be generated. Yet, the paper does not
provide information for generating a default color map.

Spaulding et al. [28] developed a gamut mapping, UltraColor
gamut mapping, for a unified solution for both photographic
images and presentation images. Although no detail information is
provided for the trade-off of gamut morphing based on the priority
of image object types (e.g. how to determine the mapping for first-
primary and second-primary color ramps and other gamut surface
colors), it is the only gamut mapping method known by the author
for unified gamut mapping for all classes of images.

None of these gamut mapping methods provide the trade-off
for the priorities of different object types, from photograph to
business graphics, for priority color mapping. Nor did they use
neighbor color information to speed up gamut mapping and to
gamut map colors smoothly. Two similar colors must be mapped
to two similar colors; and two significantly different colors must
be mapped to two significantly different colors. By applying this
characteristic, we need only to apply gamut mapping to a sparse
sampling points of a source color space for the gamut mapping
from a source color space to a destination color space, and to apply
a more efficient interpolation method or geometrical reshaping
method to color map other colors.

In this paper, we present an innovative approach that
combines the primary adjustment and the geometric shape-
adaptation to achieve the effect of gamut mapping. It is able to
accurately map a source primary to a destination primary or an
aimed primary which is usually somewhere between a source
primary and its corresponding destination primary. The result of
the color mapping is a pictorial type of gamut mapping for interior
colors, and is gradually adapted toward a business graphics type of
mapping as colors change from interior toward the gamut surface.

2. Basic Concept of the Algorithm

An example of the gamut difference between a source gamut
and a destination gamut in Fig. 1 shows that hue rotation must be
performed for primary mapping, and gamut compression or
expansion must be applied to map source colors into the
destination gamut. Fig. 2 shows a constant hue slice of the 3-D
plot from Fig. 1. The source cusp (Cs) may be mapped to the
destination cusp (Cd) so that the source white-to-Cs color ramp be
mapped to the destination white-to-Cd color ramp and the source
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black-to-Cs ramp be mapped to the destination black-to-Cd ramp
nicely. While this kind of mapping may be preferred for business
graphics, it may darken colors too much for pictorials. An aimed
point, Ca, may be chosen as an aimed primary for a photo
rendering intent. Because the most saturated source point Cs is
mapped to Ca, the printable colors from Ca to Cd may or may not
be used, depending on rendering intents. The portion of the printer
gamut encompassed by lines from W (the white point) to Ca to K
(the black point) to W may be used as an aimed gamut boundary,
and the shaded portion of the printable gamut is not used.

Fig. 1 A gamut comparison between sRGB (wire-frame) and SWOP CMYK
(solid) in CIE L*a*b* color space
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Fig. 2 A hue slice of sSRGB gamut (thick-line) and SWOP CMYK gamut (thin-
line) (both black points are adjusted to zero)

Multi-dimensional LUTs are generally used for the color
transformation from one device color space into another for device
to device color transformation. For example, a 3-D LUT may be
generated for the transformation from sRGB color space into a
printer CMYK color space. To simplify numerical descriptions,
we assume the sampling of a 3-D LUT is 17x17x17. In a LUT,
the colors of neighbor nodes are similar. The larger the LUT size,
the smaller the color differences among neighbor nodes. In most
locations, color shifts from one node to its neighbor nodes are
highly predictable. These properties can be seen in an RGB LUT
discussed below.

Fig. 3 illustrates the 3-D gamut of a device in a device L-S-H
color space. For a 3-D 17x17x17 RGB LUT, the indexes of each
of the 4913 nodes are denoted as (r, g, b) hereafter, where r, g, and
b are from O to 16. The indexes of the eight corner nodes are: K
(black): (0, 0, 0); B (blue): (0, 0, 16); G (green): (0, 16, 0); C
(cyan): (0, 16, 16); R (red): (16, 0, 0); M (magenta): (16, 0, 16); Y
(yellow): (16, 16, 0); and W (white): (16, 16, 16).
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Fig. 3 A 3-D device gamut in an L-S-H color space.

Let’s assume that the source color space is SRGB. As the
indexes of an sRGB color (r, g, b) are changed gradually
from K to W, colors change gradually from black to gray to
white (see Fig. 4). Knowing the white and black points of
SRGB and the white and black points of a printer and
knowing the tone mapping curve, we can compute the
mapping of these seventeen points by interpolation instead
of gamut mapping.

K w

K w
Fig. 4 A source gray ramp from its black point (K) to its white point (W) is
mapped to a destination gray ramp from its black point (K’) to its white point
(W’). The mapping is performed by 1-D interpolation.

As the indexes of an sSRGB color (r, g, b) are changed from W
to R, colors gradually change in the red ramp from W to R.
Knowing the transition relationship (or relative relationship) of
these SRGB colors, we may determine the mapping for only the
primary, R, and compute the mapping for other points by a more
efficient approach than gamut mapping. Fig. 5 shows that a source
gamut boundary color ramp from K to R to W is mapped to a color
ramp in a destination gamut. There are 33 nodes on the ramp for a
17x17x17 LUT. Again, K is mapped to K’ and W is mapped to
W’. R (the source red primary) is mapped to R’ (an aimed red
primary). The details for determining an aimed primary will be
discussed latter. For rest of points, the mapping can be performed
by interpolation using relative neighbor color relationship instead
of gamut mapping.

Fig. 6 shows another example for the mapping of a color
ramp R-to-Y on the gamut boundary of a source gamut. The
source red primary, R, is mapped to an aimed red primary R’, and
the source yellow primary, Y, is mapped to an aimed primary Y’.
Again, the mapping of other colors is performed by interpolation
using neighbor relative color information instead of gamut
mapping. Important colors, such as a skin tones, may be mapped
without hue rotation. Most of gamut mapping methods perform
gamut mapping in a two-step process, hue rotation followed by
mapping lightness and chroma. Contouring often happens in
gamut boundary colors. In this example, lightness mapping, hue
rotation, and chroma compression are performed in a single step
which is very helpful for smooth color mapping.
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K’ R’ w’
Fig. 5 Gamut boundary colors from the K to R to W of a source gamut are
mapped to the destination gamut.

R Y

R’ Y
Fig. 6 Using color similarity information to map source colors to destination
colors.  Simultaneously lightness mapping, hue rotation, and chroma
compression can be easily performed.

A similar approach can be applied to other group of gamut
boundary colors, such as the color ramps of W-G-K, W-B-K, W-
Y-K, and W-M-K.

Based on the relative color relationship of neighbor nodes of
a LUT in the source color space, we can perform gamut mapping
for only a small portion of points, and use a far more efficient
approach to map other points.

3. The New Gamut Mapping Process

The basic process is to first map the corner colors in the
gamut boundary, followed by mapping gamut boundary lines,
followed by mapping gamut surface, and finally through the
mapping of interior colors of a color LUT. Detail procedures are
described below.

Step 1: Mapping W and K and Other Neutral Points

White point adaptation, black point adjustment, and tone
adjustment are performed in this step. Other neutral nodes in a
lookup table (e.g. nodes for R=G=B in an sRGB LUT) are
computed using 1-D interpolation instead of gamut mapping. A
nonlinear curve can be applied in this step to alter the tone curve.
For a 17x17x17 3-D RGB LUT, the seventeen neutral nodes from
W to K are processed.

Step 2: Mapping Primaries

Aimed primaries are determined in this step, which is very
important for morphing a source gamut into a destination gamut.
The lightness and hue angle of each aimed primary are determined
based on the differences of the source and destination primaries,
and the priority of pictorial mapping versus graphics mapping.
Properly rotating hue angle and adjusting lightness are very
important for mapping a source primary into a destination gamut.

The lightness and hue angle of each aimed primary may be
determined by following weighting equations:

Laimed =wp- Lsource +(1- WL) ’ Ldestination

aimed = Wn* hmurce + (1 —Wp ) ’ hdestination

where Liineas Lsources a0A Lyegsinarion are the aimed lightness, the
source lightness, and the destination lightness of a primary,
respectively; Nuimeds Msources A0A Agegiinasion are the aimed hue angle,
the source hue angle, and the destination hue angle of the same
primary, respectively; w; and w;, are the weights for the lightness
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and the hue angle, respectively. The weights may be determined
automatically based on the difference of the gamut shapes of the
source and the destination, and the preference of the color mapping
(i.e. priority between pictorial and business graphics).

After lightness (Lgneq) and hue angle (h;,.) of an aimed
primary are determined, an aimed primary is determined by
searching for a point that has a lightness of L,;,., and a hue angle
of hyimeq ON the destination gamut surface.

Step 3: Mapping Gamut Surface Points

In Fig. 7, the tetrahedron K-P1-P2-W is a portion of a 3-D
device color gamut shown in Fig. 3. P1 and P2 are two source
neighbor primaries. pl and p2 are the aimed primaries
corresponding to P1 and P2, respectively. The source gamut
surface points are located on two triangles, W-P1-P2 and K-P1-P2.
To map the source gamut surface points in two source triangles
into two destination triangles, W-p1-p2 and K-p1-p2, the boundary
lines are first mapped from the source to the destination, and then
points on each source triangle are mapped to its corresponding
destination triangle.

The mapping for gamut surface points is described in
following sub-steps.

ssoulybIq

c2

c1

Fig. 7 A section of a source gamut (the tetrahedron K-P1-P2-W) and its
corresponding aimed gamut (K-p1-p2-W).

Step 3.1: Mapping primary ramps

There are six lines in the gamut boundary that connect the
white point and a primary point and six lines that connect the black
point and a primary point (see Fig. 3). These lines are: W to C, W
toM,WtoY, WtoR WtoG,WtoB,CtoK, MtoK, YtoK,Rto K, G
to K, and B to K.

The mappings of two end nodes in each line have been
obtained in previous steps. The mapping for intermediate nodes is
performed by interpolation instead of by gamut mapping. Figures
4 to 6 illustrate that using interpolation works very well for
mapping color ramps.

After the interpolation for each node in a line, the mapping
for each point may be fine tuned so that each of them stays on the
gamut surface of the destination gamut.

Step 3.2 Mapping edge points
The edge points are the points on lines connected two
neighbor primaries. There are six lines to be processed in this step
(see Fig. 3): Rto Y, Yto G,Gto C,Cto B, BtoM, and M to R.
Before processing these six lines, a hue rotation LUT may be
generated for hue adjustment. By converting LAB values of the
source and the aimed primaries into LCh, the amount of hue
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rotation for each primary can be computed. A hue angle mapping
LUT can be generated based on the hue rotation of the six
primaries.

To perform the mapping for each node on these six lines,
lightness is computed through interpolation. Output hue angles are
obtained by applying the hue adjustment LUT to the source hue
angle. After lightness and hue angle are computed, output chroma
(or chrominance A and B) is obtained by gamut clipping on gamut
surface with constant lightness and constant hue angle. Direct
interpolation is another alternative. Fine tuning may be required to
obtain points exactly on edges.

Step 3.3: Mapping gamut surface points

Fig. 3 shows that gamut boundary can be constructed by
twelve triangles. Nodes on the gamut surface are processed by
interpolating in each triangle. The LAB values of a node can be
computed by interpolation using a few points on the triangle.
Since gamut boundary is not exactly shaped in flat plans, twelve
triangles only approximately represent the gamut shape. After the
interpolation, post-processing may be applied to move points to
the gamut surface exactly.

Step 4: Processing Interior Points

At this step, all nodes on the gamut surface of a LUT have
been mapped to the destination gamut. Except for the nodes on
the neutral line, other interior nodes have not been mapped. We
may draw a region for colorimetric mapping (see the green
octagon in Fig. 8). For nodes on the colorimetric region, no color

adjustment and gamut mapping are performed.

Lightness
r'

Saturation

Hue angle

Fig. 8 Constructing a 3-D colorimetric region for interpolation

So far, all gamut surface nodes and some interior nodes in a
3-D LUT have been mapped to the destination gamut. The rest of
nodes in a LUT are interpolated using a 3-D interpolation method
[29-30]. A six-weight interpolation method may be used in this
step. With this method, up to six points are used for interpolation.
These six points are found from six directions relative to the point
to be processed: up, down, left, right, front, and back. By
searching each of the six directions, a point in each direction that
has been mapped to the destination gamut is used for interpolation.
The weight for each point is computed based on the distance or
color difference of the point to the point to be processed.

4. Results and Discussion

Four sRGB images (see Fig. 9) were chosen to test the color
quality of the new gamut mapping method (SPGMA) against two
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other gamut mapping methods (CUSP-FIT A and CUSP-FIT B)
that have been used for successful product developments. These
two methods have the following properties: gamut mapping in
constant hue slices; white point adaptation and black point
adjustment prior to gamut mapping; hue rotation as a separated
step prior to gamut mapping; the differences of the lightness and
chroma of the source cusp and the destination cusp, and the
lightness of the color to be process are used to determine the
mapping direction (or anchor point); a core section is determined
for colorimetric mapping; colors in the source gamut are mapped
to the destination gamut with nonlinear chroma compression;
gamut mapping in CIECMAOQ2 color space; CUSP-FIT B
completely rotate the source cusp to fit into the destination cusp,
while CUSP-FIT A does not map the source cusp completely to
the destination cusp if lightness of two cusps are very different.
White point adaptation, black point adjustment, tone adjustment,
preference color adjustment, and hue rotation are performed
exactly the same for all three methods.

-
Fig. 9 Images for psychophysical experiment: Barn (upper-left), Hikey
(upper-right), Kids (lower-left), and Graphics (lower-right).

Three color LUTSs, generated using these three gamut
mapping methods to map sRGB into printer device color space,
were applied to print these four images on high-gloss photo media
using an HP photo-smart inkjet printer. Eleven observers
conducted the experiment. A rank order method is applied to
compute psychophysical scales. The results for the three pictorial
images and the fourth computer generated graphics image are
analyzed separately.

Fig. 10 shows the psychophysical experimental result from
the three pictorial images. SPGMA performs the best for Barn,
CUSP-FIT B performs the best for Kids, and all three gamut
mapping methods perform the same for Hikey. The main reason
that SPGMA performs the best for Barn is that trees have brighter
green. The main reason that SPGMA is less preferred to CUSP-
FIT A for Kids is that red is weaker.

The average scores from all three pictorial images are also
included. In overall, SPGMA performs slightly worse than CUSP-
FIT B but slightly better than CUSP-FIT A. From observers’
comments, the differences among the three gamut mapping
methods applying to these three images are very subtle. If the
lightness mapping of the red primary is set to be closer to the
printer primary, SPGMA should produce stronger red and the
score should be improved. The nice feature of the SPGMA is that
the lightness mapping of each primary can be set outside the gamut
mapping, while other two gamut mapping do not have the freedom
to adjust lightness mapping for different primaries separately.
Properly setting the lightness mapping parameters for the six
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primaries, the author believe SPGMA’s score will be better than or
equal to any of the other two methods.

0.8+ mCUSP-FIT A
mSPGMA
OCUSP-FITB

z-score

‘ I ‘.j ‘Avevage from three '

| | images
24
i

Fig. 10 z-scores for the performance of the three pictorial images

The experimental result from the Graphics image is shown in
Fig. 11. SPGAM performs clearly better than other two methods,
because its mapping is much smoother than the other two for every
section of the graphics image. CUSP-FIT B maps source cusp
closely to the printer cusp, thus the overall saturation is stronger
than that from either of the other two, but the contouring pulls its
score down. CUSP-FIT A has the worst contouring. SPGMA
makes almost contour free mappings for the graphics image. Since
the color map generated using SPGMA in this experiment is used
for the trade-off between pictorials and computer graphics, six
sRGB primaries are not mapped to the most saturated primaries of
the printer gamut. Because of that, a few observers did not pick
SPGMA as the best. Further optimizing the aimed lightness of the
six primaries should improve the result. By optimizing a separate
aimed primary set to generate a separate color map for graphics,
the mapping for graphics using SPGAM can be further improved.

0.8

06+ ——————————————-

0.4 4

02+ ——————————————+

z-score

CUSP-FIT SPGMA CUSP-FITB

-0.2 4

0.4

Fig. 11 z-scores for the Graphics image

One important characteristics of SPGMA is that it performs
gamut mapping for gamut corner points only, and uses relative
neighbor color information to derive the mapping for other points.
By using neighbor color information for gamut mapping, it
guarantees smooth mapping. By using interpolation methods for
color mapping, the gamut mapping efficiency is dramatically
improved.

Using a 17° LUT for SPGMA is generally large enough for
mapping from a device gamut to another. A 9° LUT is mostly not
large enough. A 33 LUT is necessary only if the source color
space is a non-physical huge color space or the input or output
color space is highly non-linear.
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5. Conclusions

Different from other gamut mapping methods that perform
gamut mapping point-wisely for each node of a lookup table, the
new gamut mapping method uses color similarity information of
neighbor colors to aid color mapping. It performs gamut mapping
only on a small amount of points, and the color mappings of other
points are performed using more efficient interpolation methods.
Primary adjustment is seamlessly incorporated into the gamut
mapping step, therefore it further improves the performance.
Because the color similarity information of neighbor colors are
used for gamut mapping, the color to color relative relationship is
well retained. Based on the settings for primaries mapping, the
color mapping for gamut surface colors can be configured for the
preference of business graphics or for the tradeoff between
business graphics and pictorials. As the processing goes from
gamut surface colors to interior colors, the color mapping is
gradually adapted to the preference of pictorials.

Setting aimed primaries properly, a color map produced by
this method can be used for the trade-off of both photographic
images and business graphics, or for a priority mapping between
different image types. Because gamut mapping is performed only
on a small percentage of nodes, the color mapping is highly
efficient.
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