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Abstract

Computer Generated (CG) images on a CRT monitor can-
not be accurately reproduced on a hardcopy output when
the gamut of the CRT monitor exceeds that of the printer.
Such cases require that the out-of-gamut colors be mapped
inside the output device's gamut while preserving the ap-
pearance of original image as much as possible. This tech-
nique is called gamut mapping. While several gamut
mapping techniques have been suggested for the natural
images,!”7 techniques for CG images®“ have rarely been
discussed.

In this paper, a three-dimensional gamut mapping
technique for CG images is considered. A weighted color
difference equation for lightness, chroma, and hue, along
with normal CIE 1976 color difference equation'® were
used in the gamut mapping. Visual experiments were per-
formed to evaluate the importance of these attributes in im-
age appearance. Results showed that human visual system
is most sensitive to lightness change, and least sensitive for
chroma change. Surprisingly, for CG images, hue change
was less noticeable than the lightness change.

Introduction

A number of recent color management systems (CMSs) on
the market aim for device independent color environment,
i.e., consistent colors across different media. However,
present CMSs involve some technical problems, one of
which is the gamut difference between devices. Among the
variety of devices, the gamut difference is most noticeable
between a CRT monitor and a hardcopy printer. For a typical
printer, the gamut volume in CIELAB color space is only 50
to 80% of that of a typical CRT monitor. A monitor’s gamut
is wider especially in the green and blue hue regions and
high-lightness region. Usually, CG designers generate im-
ages on CRT screen utilizing full gamut of the monitor,
which include highly saturated colors. These colors are of-
ten not reproducible by the printer, which makes gamut
mapping necessary and important for CG image processing.

Conventionally, it was thought that chroma mapping
with constant lightness and constant hue was the best meth-
od for natural image reproduction. However, recent studies
indicate that two-dimensional, i.e., lightness and chroma,
mapping techniques*®7:8 have advantages over the one-di-
mensional, i.e., chroma mapping technique. In fact, in our
previous study,® we found that lightness information is
very important for the image contrast and that too much
chroma mapping loses image vividness. In this paper, three

dimensional gamut mapping technique is considered and
evaluated whether it may be more appropriate for CG im-
age processing.

Natural Images vs. CG Images

In Figure 1 below, pixel histogram of the above image is
plotted on the graph below in an a*b* plane. Generally,
natural images do not contain much of highly saturated col-
ors. As seen in natural image on the left, most of the colors
are distributed around the gray axis. On the other hand,
since CG designers tend to utilize the full gamut of the CRT
monitor when creating images, CG images often contain
more saturated colors, as seen in the image to the right.
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Figure 1. Pixel distribution of natural image and CG image

Gamut Mapping

The human visual system has three attributes for color per-
ception, i.e., lightness, chroma and hue. CIE/L*C*h is one
color space that closely represents these attributes. In this
color space, each attribute can be considered independent-
ly. In this paper, the CIE/L*C*h color space was utilized
for the gamut mapping.

There are two main considerations in gamut mapping,
i.e., 1) mapping direction and 2) mapping method. The first
involves deciding the direction to where in color space out-
of-gamut colors be mapped. The second considers the most
effective way to compress those colors, either clipping or
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compression. The latter problem is highly dependent on
image content. For example, if the pixel frequency of out-
of-gamut colors in the image was very low, clipping would
be preferred method to the compression. Therefore, only
the former consideration is discussed in this paper. Map-
ping method was set to clipping, i.e., no mapping occurred
for the in-gamut colors and out-of-gamut colors were
mapped to the surface of the gamut. Out-of-gamut colors
were mapped to the point that had the smallest color differ-
ence. A weighted color difference equation and the normal
CIE 1976 color difference equation were used for the ex-
periment.

The quantitative expression of the perceptual differ-
ence of the two colors is called the color difference: AE*.
CIE 1976 total color difference is defined as below.!0

AE*, = [(AL*) +(Aa*,) +(Ab*,) ()

and CIE 1976 a,b hue difference is gives as

2

AH*, = [(AE*,,) —(AL¥)* =(AC*,)’ @)

Therefore, CIE 1976 color difference can also be expressed
as

2

AE*, = [(AL*) +(AC*,) +(AH*,) @)

AL*, AC*, AH* denotes difference in lightness, chroma,
and hue respectively.

A weighted color difference equation used in this ex-
periment is shown below

| 2 2 2
AE = (AL*) +(AC*“bj +(AH*abj @
\\ Ki Kc Kh

Kl, Kc, Kh are mapping coefficients for each attribute.
By changing these coefficients, the mapping direction
could be controlled. For example, when Kc is larger than
other two, the direction will be close to the one-dimension-
al chroma mapping, and when both K/ and Kc are larger
than K& , the direction will be close to two-dimensional
mapping in lightness-chroma plane. When KI = Kc = Kh,
equation (4) becomes identical to the normal CIE 1976 col-
or difference equation (1).
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Visual Experiment

Visual experiments were performed to determine which at-
tribute, i.e. lightness, chroma, and hue, is most important in
image appearance. Six combinations of coefficients:
(KL:Kc:Kh) = (2:1:1), (2:2:1), (1:2:1), (1:2:2), (1:1:2),
(2:1:2) and a normal color difference equation, i.e.
(KI:Kc:Kh) = (1:1:1) were used. Images using two-dimen-
sional mapping techniques in lightness-chroma plane were
omitted in the experiment. Images using a three-dimen-
sional mapping technique with (Kl:Kc:Kh) = (2:2:1),
which had the closest reproduction to the images mapped
with two-dimensional lightness-chroma mapping tech-
nique, showed much better reproduction based on the ex-
perimenters’ subjective judgment.

The three CG images shown in Figure 2 were used in
the experiment.

Figure 2.
Kawaguchi)

Images used for the Visual Experiment (©Y.

The visual experiments were performed in a dark room
to eliminate color appearance differences between the soft-
copy and the hardcopy. For both devices, the proximal field
was set to white and the background was set to black. The
CCT of both monitor’s white point and the paper white was
controlled between 6000K and 6500K and their luminance
was controlled between 80cd/m? and 90cd/m2. The CRT
monitor and the light-booth were placed 90 degrees with
respect to each other and a successive binocular matching
technique was used for comparison.

Twenty-four observers (twenty-two males and two fe-
males) participated in the experiment. A paired comparison
method was used. Observers compared original softcopy
image to reproduced hardcopy images. A total of seven
hardcopy images were used that are generated with differ-
ent combinations of coefficients:(K1:Kc:Kh) in equation
(4). In each comparison, the observers first evaluated the
softcopy image, and then evaluated a pair of hardcopy im-
ages. The observers were allowed to reevaluate the images
as many times as necessary. The task was to indicate which
of the hardcopy images matched to the softcopy image.
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Figure 3. Result of Visual Experiment

Results and Discussion

The experimental result is shown in Figure 3 below.
The abscissa represents the different combinations of coef-
ficients and the ordinate shows the interval psychophysical
scale calculated statistically from the experimental data.
The higher value means that better matching was obtained
between the original softcopy image and the reproduced
hardcopy image.

The images with coefficients:(1:2:1) and (1:2:2) ob-
tained the two highest scores, higher than images with co-
efficients:(1:1:1) which utilizes CIE 1976 color difference
equation. This indicates that images mapped with large
chroma mapping coefficient: Kc have good matching re-
sult. On the other hand, images with coefficients:(2:1:1)
and (2:1:2) obtained two of the lowest scores. This indi-
cates that images mapped with large lightness mapping co-
efficient: K/ have matching result. Therefore, gamut
mapping with the coefficients Kc = Kh 2Kl would have the
best matching result.

Conclusion

Gamut mapping using a weighted color difference equation
was found to be superior to the mapping using normal CIE
1976 color difference equation. Experimental results indi-
cated that human visual system is most sensitive to the
lightness change and least sensitive to chroma change in
terms of image appearance. Furthermore, as for CG imag-
es, hue change was less noticeable than the lightness
change.
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