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This article proposes a new gamut-mapping algorithm (GMA) that utilizes both lightness mapping and multiple anchor points.
The proposed lightness mapping minimizes the lightness difference of the maximum chroma between two gamuts and produces
the linear tone in bright and dark regions. In the chroma mapping, a separate mapping method that utilizes multiple anchor
points with constant slopes plus a fixed anchor point is proposed to maintain the maximum chroma and produce a uniform tonal
dynamic range. As a result, the proposed algorithm is able to reproduce high quality images using low-cost color devices.
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Introduction

Some practical output systems are only capable of pro-
ducing a limited range of colors. The range of produc-
ible colors on a device is referred to as its gamut. Often,
an image will contain colors that are outside the gamut
of the target output device. In such a case, the image
colors must be mapped within the reproduction gamut,
which requires the use of a gamut-mapping algorithm
(GMA).* Conventional GMAs can be divided into three
groups; successive, simultaneous, and parametric
GMAs.? A successive GMA maps the perceptual at-
tributes (hue, saturation, and lightness) separately.®-®
A simultaneous GMA maps the colors so that all of their
attributes are changed simultaneously. A parametric
GMA changes the color behavior based on either the
shape of the original and reproduction gamuts at a par-
ticular hue angle or some other user-defined parameter.®

Successive and simultaneous GMAs have the benefit
of simple processing, however, they cannot use colors cov-
ering the overall gamut of each device. In contrast, para-
metric GMAs can use colors covering the overall gamut
of a device because these algorithms perform color map-
ping based on the shape of either the original or the re-
production gamut. In conventional parametric GMAs,>
an initial lightness mapping is performed to include the
lightness range of the original image into the reproduc-
tion gamut. In this process, the lightness range of the
original gamut is larger than that of the reproduction’s.
In addition, most of the lightness values of the original’s
maximum chroma at each hue angle are larger than those
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of the reproduction’s. Therefore, if the lightness values
of the maximum chroma in the two gamuts are not lo-
cated at the center of the lightness axis of the two media,
the parametric GMA will produce a different color change
in the bright and dark regions.

In this condition, if linear compression or soft-clip-
ping compression is applied to the lightness mapping,
the lightness value difference between the two gamuts
is increased. As the lightness value difference is in-
creased, so the difference in the color change is also in-
creased and it becomes difficult to maintain the
maximum chroma in the gamut mapping process.!

Thereafter, if a parametric GMA using an anchor point
(a center of gravity on the lightness axis) is applied to
the original image, the lightness of the bright regions
will decrease while the lightness of the dark regions will
increase to include the original colors in the reproduc-
tion gamut. As a result, the lightness range is also re-
duced along with the contrast. Furthermore, if the
anchor point is not located at the center of the lightness
axis of the two media, the parametric GMA utilizing the
anchor point will produce a different color change in the
bright and dark regions. As the lightness value differ-
ence of the maximum chroma of the two media increases,
so the difference in the color change will also increase.
In addition, the input colors mapped towards an anchor
point in the same region will also exhibit a different
color change, because the conventional GMA maps the
input colors along lines with different slopes. As a re-
sult, these algorithms produce sudden color changes on
the boundaries between mapping regions.

Accordingly, to solve these problems, a lightness map-
ping is proposed that minimizes the lightness difference
of the maximum chroma between two gamuts and pro-
duces the linear tone in bright and dark regions. In this
process, a lightness mapping is used that is based on both
the shape of the original and the reproduction gamuts at
a particular hue angle. Initially, the reproduction gamut
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is changed to maintain a linear tonal distribution of the
color samples within a range covering the overall light-
ness of each device. To apply this process, a nonlinear
function considering a hardware characteristic is applied.
The hardware characteristic considered is the printer’s
dot gain. The printed dots are larger than the minimal
covering size, as if “ink spreading” has occurred. As the
result, the lightness produced by the printer is compli-
cated and dependent on neighboring dots. Therefore, the
lightness is nonlinearly increased as the number of
marked dots per pixel increases. Consequently, a nonlin-
ear function is applied to maintain a linear tonal distri-
bution of the color samples within a range covering the
overall lightness.

Lightness mapping is then applied to include the light-
ness range of the monitor gamut into the printer gamut
and to minimize the lightness difference in the maxi-
mum chroma. In this article, human vision characteris-
tics are applied. Generally, human vision in non-UCS
(uniform color spaces) is more sensitive to color changes
in dark and middle regions than to those in bright re-
gions. Therefore, bright regions are more compressed
than dark and middle regions. In this process, the
sample patches selected in non-UCS are redistributed
uniformly in UCS. The process is continued recursively
until the lightness difference between the monitor and
the printer gamut is minimized.

Next, a parametric-type GMA is proposed to main-
tain the maximum chroma and produce a uniform tonal
dynamic range. Accordingly, the proposed method maps
the chroma based on a constant hue and lightness when
the lightness values of the maximum chroma in the
two gamuts are similar. In this process, if the tonal
dynamic range in the bright and dark regions is differ-
ent plus the lightness values of the maximum chroma
in the two gamuts are also different, the parametric
GMA will produce a different color change in the bright
and dark regions.

Therefore, a mapping method based on variable an-
chor points is used when the tonal dynamic range be-
tween bright and dark region is narrow. This mapping
method maps the input colors along lines with a con-
stant slope in each region, as a result, the mapped col-
ors can produce an approximately uniform color change
in the region and widen tonal dynamic range. In this
process, in order to maintain the maximum chroma, the
slope for the variable anchor point is set based on the
lightness value of the maximum chroma. In contrast, if
the tonal dynamic range is wide, a mapping method
based on an anchor point is used. This mapping method
maps the input colors towards an anchor point, thereby
creating a smooth transition between bright and dark
regions plus a reduced tonal dynamic range. To sepa-
rate the mapping regions, the regions are divided ac-
cording to the cusp of the maximum chroma of the two
media. As a result, the separate mapping method can
reproduce continuous tone colors and maintain the maxi-
mum chroma.

Gamut Mapping Algorithm

Lightness Mapping

Generally, the white shift between two gamuts can be
determined using the measured tristimulus values. The
objective of lightness mapping is to make the CIEL*a*b"
values of two whites equal, however, the lightness of
the blacks between two gamuts is also often different.
Therefore, lightness mapping (or lightness scaling) is
performed to include the lightness range of the input
image into the printer gamut. The majority of algorithms
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Figure 1. Soft clipping function used for lightness.

proposed so far use the linear compression of lightness,
which can be done either in L (as specified by CIE) or
Bartleson and Breneman’s lightness or darkness, with
the former being more popular. As an option, lightness
can be compressed using a soft clipping function,® simi-
lar to the one shown in Fig. 1. This function has the
characteristic leaving the majority of the range unal-
tered (as its tangent is the y = x function), thereby cre-
ating a smooth transition to the gamut boundaries at
the extremes of the range. It is also similar to tonal re-
production curves used traditionally in graphic arts and
is intrinsically image dependent. A further modification
of this technique, suitable only for lightness mapping,
is to keep the central part of the lightness range unal-
tered and only compress the extremes.

For example, to adjust the lightness between two gam-
uts, as shown in Fig. 2(a), lightness mapping maps the
lightness linearly so that the minima and maxima of
the two gamuts are mapped onto each other. This pro-
cess can be expressed as

# s *

L. = (Lp _L:)min) X(erax _ijin) +L

Ip (L’; — L; min) rmin »
ap =a,, 1)
5,5,

where L";,, a’;, and b";, are the result of the lightness
mapping, L. is the maximum lightness of the moni-
tor gamut, L*,,,;, is the minimum lightness of the moni-
tor gamut, L",,,,, is the maximum lightness of the printer
gamut, and L",,,;, is the minimum lightness of the printer
gamut.

In Eq. 1 and Fig. 2, the lightness mapping produces a
reduction in the lightness range.

Conventional Gamut Mapping Algorithms

Gamut mapping algorithms usually apply to three
components: hue, lightness, and chroma. In lightness
mapping and chroma mapping, linear compression or
the clipping method can be used to include the range of
the original image into the reproduction gamut. There-
fore, conventional GMAs can be divided into three
groups; successive, simultaneous, and parametric
GMAs.? A successive GMA maps the perceptual at-
tributes (hue, saturation, and lightness) separately,®-®
i.e., in most cases the algorithm has two stages: light-
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Figure 2. Lightness mapping: (a) before lightness mapping; and (b) after lightness mapping.
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Figure 3. Combined gamut mapping algorithms; (a) lightness and chroma mapping toward central point on L* axis; (b) two
mapping methods on every hue; (¢) anchor point is set according to lightness value of maximum chroma on each hue.

ness mapping and chroma mapping. All the algorithms
in this group map the lightness first so that the minima
and maxima of the two gamuts are mapped onto each
other. A simultaneous GMA maps the colors so that all
of their attributes are changed simultaneously. These
algorithms map colors by moving them towards a par-
ticular point in color space (a center of gravity). Gener-
ally, these algorithms do not include initial lightness
compression, and all successive and simultaneous algo-
rithms preserve the hue.

These successive and simultaneous GMAs have the
benefit of simple processing. However, they cannot use
colors covering the overall gamut of each device. There-
fore, a parametric GMA changes the color behavior based
on either the shape of the original and reproduction gam-
uts at a particular hue angle or some other user defined
parameter.®'® A number of combined mapping methods
have been developed to produce smoother transitions
between adjacent regions to improve the color appear-
ance. These methods map lightness and chroma at the
same time. Some of these methods are represented in
Fig. 3.

Figure 3(a) maps the lightness and chroma toward
the central point on the L* axis of the reproduction
gamut. One drawback to this method is that, after map-
ping, the overall range of the lightness is reduced be-
cause the lightness in the bright part is reduced and
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the lightness in the dark park is increased. Figure 3(b)
uses two mapping methods on every hue. If the light-
ness value of the color to be mapped is higher than that
of the central point in the reproduction gamut, map-
ping toward the central point is used. In the opposite
case, linear mapping on the constant hue along the lines
of constant lightness is used. Figure 3(c) uses a similar
method to Fig. 3(b) for each hue.

The difference between Figs. 3(b) and 3(c) in is the
position of each anchor point for each hue. An anchor
point is set according to the lightness value of the maxi-
mum chroma on each hue and the mapping is performed
toward this point. This kind of method includes the in-
tent to distinguish between darkness and brightness for
each hue. Figures 3(b) and 3(c) may have a higher con-
trast than 3(a) after mapping. However, in all these
methods the maximum chroma in the original image
cannot be mapped to the maximum chroma in the re-
production gamut. This is due to the fact that the an-
chor point is set according to the middle point of the
lightness axis or the lightness value of the maximum
chroma in the reproduction gamut.

The method developed by Johnson® considers the
mapping between the maximum chroma in both gam-
uts as described in Fig. 4. This method performs dif-
ferent mapping according to the inclusion relation
between the gamuts. The example in Fig. 4(a) is used
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Figure 4. Johnson’s GMA: (a) Original gamut is entirely included in reproduction gamut and lightness values of maximum
chroma in two gamuts are similar; (b) Original gamut includes reproduction gamut, and lightness values of maximum chroma in
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Figure 5. Shapes of two gamuts. (a) Monitor gamut: maximum lightness is 93.45 and minimum lightness is 17.35; and
(b) Printer gamut: maximum lightness is 93.45 and minimum lightness is 22.56.

when the original gamut is entirely included in the
reproduction gamut and when the lightness values of
the maximum chroma in the two gamuts are similar.
Figure 4(a) maps the chroma on a constant hue and
lightness. Figure 4(b) is used in the case where the
original gamut includes the reproduction gamut and
the lightness values of the maximum chroma in two
gamuts are different. In Fig. 4(b), the colors in the origi-
nal gamut are mapped toward the anchor point. This
anchor point is where the lightness axis and the ex-
tending line between the maximum chroma points of
the two gamuts meet. Figure 4(c) is used where the
original gamut only partially includes the reproduc-
tion gamut. Then the colors in the original gamut are
mapped toward an anchor point at the mid-point of the
lightness axis of the reproduction gamut.

Proposed Gamut Mapping Algorithm

Proposed Lightness Mapping

The majority of algorithms proposed so far use the
linear or nonlinear compression of lightness, which can
be done either in L™ or in Bartleson and Breneman’s
lightness or darkness, with the former being more popu-
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lar. This function has the characteristic of leaving the
majority of the range unaltered. As an option, the light-
ness can be compressed using a soft clipping function,
similar to the one shown in Fig. 1. This function is also
similar to the tonal reproduction curves used tradition-
ally in graphic arts, and is intrinsically image depen-
dent. To adjust the lightness between two gamuts, this
process heightens the lightness of the original gamut
at different rates.

These processes have the advantage of simple process-
ing, however, they cannot consider the shape covering
the overall gamut of each device. Therefore, lightness
mapping based on the shape of either the original or
the reproduction gamut at a particular hue angle is
needed. As shown in Fig. 5, the gamut shapes of each
device are different. In addition, the line that links the
cusps, as shown in Fig. 5, creates the gamut boundary.
Therefore, to process lightness mapping, knowledge of
the lightness of the cusp at each hue angle is required.
Figure 6 shows the lightness of the cusps at each hue
angle, plus the average lightness of the monitor cusps
and the printer cusps is 68.1 and 47.8, respectively.

In Fig. 6, the lightness of the monitor’s cusps at each
hue angle is mostly larger than that of the printer’s.

Lee, et al.
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Figure 6. Lightness of cusps at each hue angle without intensity mapping.
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Figure 7. Lightness mapping using linear compression.

Therefore, in chroma mapping this condition produces
different color changes in bright and dark regions. In
this case, if linear compression or soft clipping compres-
sion is applied to lightness mapping, the difference in
the average lightness is increased and the different color
changes in bright and dark regions are also increased.
Fig. 7 is the result of using the linear compression of
Eq. 1, where the average lightness of the monitor and
printer cusps is 75.8 and 47.8, respectively.

To solve these problems, a lightness mapping is pro-
posed that minimizes the lightness difference of the
cusps at each hue angle and produces the linear tone in
bright and dark regions. In this process, a lightness
mapping is used that is based on the shape of either the
original or the reproduction gamut at a particular hue
angle. The proposed algorithm is performed in CIEL*a"b”
color space to facilitate the separation of lightness and
chroma.?'? Initially, the reproduction gamut is changed
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to maintain a linear tonal distribution of the color
samples within a range covering the overall lightness
of each device.

To apply this process, a nonlinear function consider-
ing a hardware characteristic is applied. The hardware
characteristic considered is illustrated in Fig. 8. The dots
are larger than the minimal covering size, as if “ink
spreading” has occurred. As a result, the lightness pro-
duced by the printer is complicated and dependent on
neighboring dots. In the figure, a, B, and y are the ra-
tios of the areas of the shaded regions and they can be
expressed in terms of the ratio p of the actual dot ra-
dius to the ideal dot radius as follows

> . 40101

a=tfop2 _14+P° 1
_Z p 1+ sin Ef_2p52

(2)
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Figures 8 and 9 show the circular dot model and the
actual cyan dots, respectively. Figure 9 was taken by an
Olympus PM-10AK3 and scanned by an HP scanner. As
shown in Fig. 9, the actual dots exhibit dot spreading
on the paper. This distortion produces an unwanted color
image because each primary ink has its own ink spread-
ing rate, p. Therefore, the reproduced lightness is pro-
portional to the marked area. The marked area in the
printing is changed according to the marking position.
If the difference in the marking area is not considered,
the lightness of the printed image will not be equal to
the image displayed on the monitor. Therefore, the cor-
responding saturation will increase as the number of
marked dots per pixel increases.
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As shown in Fig. 10, the saturation is abruptly in-
creased in the low and mid range and slowly increased
in high range. Therefore, the nonlinear function must
be adjusted in proportion to the saturation increment.
In this article, a simplified function is used for the fast
processing. The changed printer gamut is shown in Fig.
11 and the average lightness of the printer cusps is 55.8,
as shown in Fig. 12. As the result, the uniformity of the
gamut samples as shown Fig. 11 is increased and the
average lightness of the printer cusps is located nearly
at the center of the lightness axis.

Thereafter, lightness mapping is applied to include
the lightness range of the monitor gamut in the printer
gamut and minimize the lightness difference between
the cusps at each hue angle. In this article, human vi-
sion characteristic is applied. Human vision is more
sensitive to color changes in dark and middle regions
than to those in bright regions. Therefore, bright re-
gions can be more compressed than dark and middle
regions. This process is continued recursively until the
lightness difference between the monitor and the printer
cusps is minimized. This process can be expressed as

Lee, et al.
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Figure 12. Lightness mapping using proposed method.
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where L,, is the original lightness of the monitor gamut,
L', is the changed lightness of the monitor gamut, p,,;,
is the minimum lightness of the printer gamut, m,, is
the minimum lightness of the monitor gamut, and K,
and p, are constant to minimize the lightness differ-
ence between the two gamuts. In this process, K,, and
M, are changed until the mean-square-error (MSE) of
the lightness difference of the cusps at each hue angle
is minimized. As a result, the average lightness of the
monitor cusps is 56.7, as shown in Fig. 12. Therefore,
the proposed method can reduce the lightness difference
between the printer and monitor cusps and produce uni-
form color changes in bright and dark regions. Based
on this result, the maximum chroma of the monitor
gamut can easily be reproduced in chroma mapping.

Gamut Mapping Algorithm Using Lightness Mapping and Multiple Anchor Points ...

Chroma Mapping for Maximum Chroma
Reproduction

In the mapping method developed by Johnson,’> an
initial linear lightness mapping is performed to include
the lightness range of the original image into the repro-
duction gamut. In this case, the lightness of the origi-
nal gamut is changed. The additional gamut mapping
toward an anchor point also reduces the resultant light-
ness of the original image in the reproduction gamut.
Therefore, the contrast is often decreased.

To maintain the maximum chroma in both gamuts,
as described in Fig. 4, this method maps along the lines
going towards a point on the L* axis, which is created
by the line that links the two cusps, as shown in Fig.
4(b). If the anchor point is not at the center of the L~
axis of the two media, a GMA that utilizes such an an-
chor point will then produce different color changes in
bright and dark regions. As the L* value difference be-
tween the two cusps increases, the difference in the color
change will be more dramatic. Accordingly, these algo-
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rithms produce sudden color changes on the boundaries
between mapping regions and mapping methods based
on the shapes of the monitor and printer gamuts. In the
case of a parametric GMA that uses the clipping method,
a sudden color change is not only produced on the bound-
aries between mapping methods but also on the inside
and outside boundaries of the printer gamut. Therefore,
continuous tone colors cannot be accurately reproduced.

To solve these problems, a GMA is proposed that uti-
lizes variable anchor points. The proposed algorithm is
performed in CIEL"a*b* color space to facilitate the sepa-
ration of lightness and chroma. A parametric-type GMA
is also used to enable the use of colors covering the over-
all gamut of each device. To maintain a maximum
chroma and uniform tonal dynamic range, as shown in
Fig. 13, the proposed method maps the chroma based
on a constant hue and lightness when the lightness val-
ues of the maximum chroma in the two gamuts are simi-
lar. In this case, the anchor point is expressed as
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L,=Ly, a,=0,b, =0 (6)

where L7, is the lightness mapping results of the input
image.

In this process, if the lightness values of the maximum
chroma are not similar, the proposed GMA is unable to
maintain the maximum chroma. Therefore, a separate
mapping method that utilizes variable anchor points is
used to produce an approximately uniform color change
across the whole lightness range along with a maximum
chroma reproduction. To maintain the maximum chroma,
the slope of the line going towards an anchor point is
varied. In this process, if the anchor point is not located
at the center of the L" axis of the two media, a conven-
tional GMA will produce a different tonal dynamic range
between the bright and dark regions. Therefore, the pro-
posed method uses both a variable anchor point method
and a fixed anchor point as shown in Figs. 14 and 15.

Lee, et al.
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In this process, if the tonal dynamic range is differ-
ent, a parametric GMA will produce a different color
change in bright and dark regions. Therefore, the map-
ping method based on a variable anchor points is used
when the tonal dynamic range is narrow. This mapping
method maps the input colors along lines with a con-
stant slope in each region, Therefore, the mapped col-
ors produce an approximately uniform color change in
the region plus a wide tonal dynamic range. The posi-
tion of the anchor point is varied to produce a constant
slope relative to the position of the input color. Con-
versely, if the tonal dynamic range is wide, the map-
ping method based on a fixed anchor point is used.

Because this mapping method maps the input colors
towards an anchor point, a smooth transition is created
between bright and dark regions and a reduced tonal
dynamic range. In the case that the lightness of the
maximum chroma in the monitor gamut is larger than
that in the printer gamut, the anchor point can be ex-
pressed as shown in Eq. 7, where L" .. is the lightness
of the maximum chroma of the monitor gamut, L*,, ..
is the lightness of the maximum chroma of the printer

gamut, L",, and C"}, are the lightness mapping results
of the input image, and C*,,,,, is the maximum chroma
of the monitor gamut.

In the case that the lightness of the maximum chroma
in the printer gamut is larger than that in the monitor
gamut, the anchor point can be expressed as shown in
Eq. 8.

To separate the mapping regions, as shown in Figs.
14 and 15, the regions are divided according to the cusp
of the maximum chroma of the two media. Based on
these regions, the colors of the bright and dark regions
in an input image are mapped into the printer gamut
by clipping their chroma component toward the anchor
points. In this process, to maintain the maximum
chroma, the slope for the variable anchor point is set by
the line as shown in Figs. 14 and 15. If the line that
links the maximum chroma points of the two gamuts
creates this slope, this method will produce different
color changes in bright and dark regions. As the slope is
steep, so the difference in the color change will also in-
crease. Accordingly, this method produces sudden color
changes on boundaries between neighboring mapping

xC ip, if L comax 2L crmax and L Ip 2 L comax

otherwise

(7

xC ps if L comax <L crmax and LIp <L ¢rmax

O . (L:amax —L$crmax)
* II;I - *
L= O . P C o max
@I‘Crmax’
a a =0
bo=
O s (L*crmax _L*BomaX)
# II;I - &
L.=0Q ) P C omax
@I‘Crmax’
a*a =0
b'a=0
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Gamut
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RGB color space >e CIEL"a"d" color space >e CMY color space
Figure 16. Total procedure of proposed algorithm.
regions. In the case of the method using a fixed anchor
point, this method is performed to create a smooth tran- .
sition between bright and dark regions. Thereafter, the Input 1mages

colors outside the printer gamut are clipped toward this
anchor point.

To print a gamut mapped image, color space conver-
sion is necessary. In this article, the interpolation from
CIEL*a™b" color space to CMY is defined as backward
interpolation. Figure 16 represents the total procedure
of the gamut mapping method. A color image in a RGB
format is converted into CIEL"a’b” color space by for-
ward interpolation. The color space conversion is per-
formed using tetrahedral interpolation,'? which uses less
multiplication, is an easier coefficient calculation for
weighted averages, and produces a better accuracy in
the interpolation. In CIEL"a’b" color space, the light-
ness mapping, anchor point setting, and gamut map-
ping are all performed in sequence. Thereafter, the
gamut mapped image is reconverted into CMY color
space using backward tetrahedral interpolation.

Experimental Results

In order to determine the gamut of each device, 6 x 6 x 6
color samples were generated in RGB space for the moni-
tor and printed in CMY space for the printer. The origi-
nals for all images were taken as their appearance on a
calibrated Samsung SyncMaster-700p monitor used
throughout the experiment. To print the gamut mapped
images, all images were reproduced by error diffusion
on a LG GIP-6000 ink jet printer. Then, the color
samples were measured by a spectrophotometer in
CIEL"a"b" color space. To measure the sample colors dis-
played on the monitor and printed on the printer, a
Minolta CA-100 and Minolta CM-3600d were used, re-
spectively. The measured values were stored in a 3-D
LUT (lookup table). Using the device gamuts obtained
from the color samples, gamut mapping was then per-
formed. A block diagram is shown in Fig. 17.

Three images were chosen to test the general perfor-
mance of the proposed gamut mapping. One of the im-
ages was downloaded from the Internet and the other
two were generated using a graphic tool. In Figs. 18,
19, and 20, the images were printed by error diffusion
using various GMAs. In Figs 18 through 20, (a) is the
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7

Forward tetrahedral interpolation

{}

Gamut mapping

7

Backward tetrahedral interpolation

7

Dithering

V7

Printing

Figure 17. Block diagram for gamut mapping and dithering.

result printed without gamut mapping; (b) is the result
of the CUSP algorithm;® (c) is the result of Johnson’s
algorithm; (d) is the result of Lee’s algorithm;!! and (e)
is the result of the proposed algorithm. In Fig. 18(a),
the colors are saturated in the mid-tone region, thereby
producing a non-linear tonal distribution. Figures 18(b)

Lee, et al.



(a) (b)

(© (d)

Figure 18.Color chart images printed by error diffusion us-
ing various GMAs: (a) with no GMA; (b) CUSP algorithm;
(c) Johnson’s algorithm; (d) Lee’s algorithm; and (e) proposed
algorithm. Supplemental Materials—Figures 18 through 22
can be found in color on the IS&T website (www.imaging.org) for
a period of no less than 2 years from the date of publication.
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(c)
(e)
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(a) (b)

(d)

Figure 19. Color bar images printed by error diffusion us-
ing various GMAs: (a) with no GMA; (b) CUSP algorithm;
(¢) Johnson’s algorithm; (d) Lee’s algorithm; and (e) proposed
algorithm. Supplemental Materials—Figures 18 through 22
can be found in color on the IS&T website (www.imaging.org) for
a period of no less than 2 years from the date of publication.
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Figure 20. Fresh images printed by error diffusion using vari-
ous GMAs: (a) with no GMA; (b) CUSP algorithm; (c) Johnson’s
algorithm; (d) Lee’s algorithm; and (e) proposed algorithm.
Supplemental Materials—Figures 18 through 22 can be found
in color on the IS&T website (www.imaging.org) for a period
of no less than 2 years from the date of publication.
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Figure 21. 216 color samples for measuring monitor and
printer gamuts. Supplemental Materials—Figures 18 through
22 can be found in color on the IS&T website (www.imaging.org)
for a period of no less than 2 years from the date of publication.

and 18(c) show a non-uniform color distribution and non-
linear tonal increase at each hue angle. In particular, a
greenish component is widely distributed in the bright
regions. Figure 18(d) produces an approximately uni-
form color distribution in all regions, however, the maxi-
mum chroma components are reduced and the tonal
dynamic ranges are different between the bright and
dark regions. However, Figure 18(e) shows an approxi-
mately uniform color distribution in all regions and the
maximum chroma components are also produced.

In Fig. 19(a), the colors are saturated in the mid-
tone region. In Figs. 19(b) and 19(c), the results show
that the color changes in the dark regions are not well
discriminated and the colors in the bright blue and
black regions show a greenish component. Also, in 19(b)
and 19(c), the blue components are shown as violet.
Figure 19(d) shows a linear color increment, however,
the maximum chroma components are not reproduced.
In contrast, Fig. 19(e) shows a linear color increment
plus the maximum chroma components. Figure 20(b)
shows a cyanic component in the white region and 20(c)
shows a blocking effect in the right upper region. In
Fig. 20(d), the maximum chroma components are
smaller than in 20(e). However, Fig. 20(e) shows no cya-
nic component in the white region or blocking effect.
In addition, Fig. 20(e) has a higher contrast than (b),
(¢), and (d), and effectively represents the chroma com-
ponent. Furthermore, the black is blacker than with
the conventional methods. As the results, the image
reproduced by the proposed algorithm was chosen by
observers to most like monitor.

The color difference (AE*ab) was used to compare the
quality of the GMAs. Figure 21 shows the 216 color
samples measured. A Macbeth color chart, as shown in
Fig. 22, was used as the color reference for this process.
To obtain the color difference between the two devices,
the Macbeth color chart was displayed on the monitor
and then printed by dithering methods on the printer.
Thereafter, the reproduced colors were measured by a
spectrophotometer. From theses results, the AE"ab was
calculated as follows;

ES

AL, = \/(L*O —L’;,)2 +(ag —a;)2 + (8o —b,’;)z )
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Figure 22. Macbeth color chart. Supplemental Materials—
Figures 18 through 22 can be found in color on the IS&T website
(www.imaging.org) for a period of no less than 2 years from
the date of publication.

TABLE I. Comparison of Gamut Mapping Algorithms Using
Error Diffusion

E*abA
CUSP algorithm 9.865
Johnson’s algorithm 13.007
Lee’s algorithm 8.665
Proposed algorithm 7.423

where L%, a% b% are the CIEL*a*b* values measured
on the monitor and L%, a%, b% are the CIEL a’b" values
measured on the printer. Table I shows a comparison of
the gamut mapping algorithms based on the colors dis-
played on the monitor and the colors reproduced on the
printer using error diffusion. The two conventional
methods used for the comparison were the CUSP method
that uses the cusp of the two gamuts with a constant
hue angle, Johnson’s combined lightness and chroma
mapping method, and Lee’s method that uses variable
anchor points. In this table, the proposed algorithm pro-
duced fewer errors than the conventional CUSP method
or Johnson’s and Lee’s methods.

Conclusion

A new method was proposed for printing full-resolution
color images on limited color output devices. A light-
ness mapping was proposed that minimizes the light-
ness difference in the maximum chroma at each hue
angle and increases the linearity of the sample distri-
bution in bright and dark regions. As a result, the re-
production gamut is changed to increase a linear tonal
distribution of color samples within a range covering
the overall lightness. In addition, the original gamut is
changed until the lightness difference of the maximum
chroma between the two gamuts is minimized.

Next, a parametric-type GMA was proposed to main-
tain the maximum chroma and produce a uniform tonal

Lee, et al.



dynamic range. In this process, to maintain the maxi-
mum chroma, the slope for the variable anchor point is
set according to the lightness value of the maximum
chroma. To produce a uniform tonal dynamic range, the
proposed method uses a combination of a variable anchor
point method and a fixed anchor point. Consequently, the
proposed algorithm can reproduce a maximum chroma
with fewer mapping errors. In conclusion, the proposed
techniques enable limited color output devices to dis-
play and print high quality color images. /&

Acknowledgment. This work was supported by grant
no. 2000-1-30200-005-3 from the Basic Research Pro-
gram of the Korea Science and Engineering Foundation.

References

1. M. R. Luo and J. Morovic, Two Unsolved Issues in Colour Manage-
ment - Colour Appearance and Gamut Mapping, Proceedings of World
Techno Fair in Chiba ’96, the 5th International Conference on High
Technology: Image Science and Technology-Evolution & Promise,
Chiba, Japan, 1996, pp. 136-147.

2. P. G. Hezog and M. Muller, Gamut Mapping Using an Analytic Color
Gamut Representation, Proc. SPIE, 3018, 117-128 (1997).

3. P. G. Herzog and B. Hill, A New Approach to the Representation of

Gamut Mapping Algorithm Using Lightness Mapping and Multiple Anchor Points ...

10.

11.

12.

Color Gamut, Proceedings of the 3rd IS&T/SID Color Imaging Con-
ference, 1S&T, Springfield, VA, 1995, pp. 78-81.

. K. E. Spaulding, R. N. Ellson, and J. R. Sullivan, UltraColor: A New

Gamut Mapping Strategy, Proc. SPIE, 2414, 61-68 (1995).

. J. Morovic and M. R. Luo, Cross-Media Psychophysical Evaluation of

Gamut Mapping Algorithms, Proceedings of AIC Color’97 Kyoto, Vol.
2, Kyoto, Japan, 1997, pp. 594-597.

. W. E. Wallace and M. C. Stone, Gamut Mapping Computer Gener-

ated Imagery, Proc. SPIE 1460, 20—28 (1991).

. M. Ito and N. Katoh, Three-dimensional Gamut Mapping Using Vari-

ous Color Difference Formulae and Color Spaces, Proc. SPIE 3648,
83-95 (1999).

. L. W. Macdonald and J. Morovic, Assessing Effects of Gamut Compres-

sion in the Reproductions of Fine Art Paintings, in Ref. 3, pp. 194-200.

. H. R. Kang, Color Technology For Electronic Image Devices, SPIE

Optical Engineering Press, Bellingham, WA, 1996, pp. 122—-126.

G. Marcu and S. Abe, CRT and Ink Jet Printer Models for Device
Independent Color Reproduction in Image Transmission, Proceed-
ings of the 2nd IS&T Color Imaging Conference, 1S&T, Springfield,
VA, 1994, pp. 143-148.

C.S. Lee, C. H. Lee, and Y. H. Ha, Parametric Gamut Mapping Algo-
rithms Using Variable Anchor Points, J. Imaging Sci. Technol. 44 (1),
68-73 (2000).

J. M. Kasson, S. I. Nin, W. Plouffe, and J. L. Hafner, Performing Color
Space Conversions with Three-Dimensional Linear Interpolation, J.
Electronic Imaging 4 (3), 226-250 (1995).

. J. Morovic and M. R. Luo, Gamut Mapping Algorithms Based on Psy-

chophysical Experiment, Proceedings of IS&T/SID, IS&T, Springfield,
VA, 1997, pp. 44-49.

Vol. 45, No. 3, May/June 2001 223



