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Abstract. It is inevitable that there are some colors that cannot be
reproduced with three primaries even in the case of a laser display.
The purpose of this study is to define a new set of RGB primaries for
display that can reproduce all real world object colors. At the first
step, the region of real world object colors was estimated from the
comparison between the measurement data of 453 object colors
and the 1294 standard data of Munsell colors. Through the second
step, the region boundary of real world object colors was optimized
as a triangle according to two rules. Accordingly the wavelengths of
RGB primaries were defined as 630, 532, and 468 nm, respectively.
At the third step, with the help of 53,361 SOCS data, the tolerance
limit of B primary was also defined as the range of 463-468 nm.
Finally, the color reproducibility of commercial laser display systems
was evaluated using the optimum gamut as a criterion. © 2007 So-
ciety for Imaging Science and Technology.
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INTRODUCTION
The prime function of a display is to show accurate repre-
sentation of real objects. Therefore, a display has to distinc-
tively reproduce a large fraction of colors that exist in the
real world. It basically produces colors by means of combin-
ing a number of primary colors but only the three-primary
case is addressed in this research. A color gamut is defined as
a range of colors achievable on a display under a given set of
viewing conditions' and can be described as a three-
dimensional volume in color space. However, in the display
manufacturing industry, it is usually described and commu-
nicated as a ratio of the area of a triangle, which is com-
prised of three primary color points, to that of the NTSC
triangle” on the CIE x, y diagram. The size of the triangle
depends on the purity of three primary colors of a display.
With new development in display technologies in the
past few years, the size of the gamut has increased.” The
Organic Light Emitting Diode (OLED) display showed a
large gamut comparable to CRT displays. The RGB LED
backlight extended the gamut of LCD display to more than
that of the NTSC standard. Laser display also has been in-
creasingly developed in the last few years and it is known as
one of the next generation displays. The color reproducibil-
ity of laser display shows much better performance than any
other displays, because laser can produce monochromatic
light located on the spectral locus of the CIE chromaticity
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diagram. Considering the laser display’s gamut, we find that
the size of the triangle is no longer the only issue. Another
important issue is the specific choice of wavelengths of three
primary colors. The region of colors possible for a given
laser is determined by wavelengths of the three primary
colors.

In the previous paper,” the measured x, y chromaticity
coordinates of 453 objects were reported, and thus the wave-
lengths of RGB primaries of the optimum gamut were de-
fined. However, there was a lack of objectivity in determin-
ing the location of the G primary. In this present paper, the
wavelength of the G primary is redefined and the tolerance
limit of the B primary is also defined. Furthermore, a rela-
tionship between the wavelength of B primary and the num-
ber of out-of-gamut SOCS data is derived. Practically, four
commercial laser display systems are evaluated using the new
set of RGB primaries as a criterion.

MEASUREMENT
To figure out the region of real world object colors, 453
objects were selected in two categories: Artificial objects and
natural objects. For artificial objects, we selected garments
and electronic devices because of their frequent appearance
in TV dramas or movies. The garments consisted of 112
casual garments and 156 Tibetan traditional garments. All
garments displayed in a casual clothing shop were measured.
The Tibetan traditional garments, displayed in the 2005
World Museum Culture Expo, which was held in Korea, were
measured. The measured electronic devices consisted of 99
products such as washing machines, refrigerators, hair dry-
ers, etc. All products displayed in a shop were measured. For
the natural objects, 50 flowers and 36 leaves, which were
available during July and September in Korea, were mea-
sured. As the reference, the 1294 standard data of Munsell
colors were considered. Since Munsell colors” are originally
defined under the CIE standard illuminant C with a 2° view-
ing angle, they are converted into the viewing condition un-
der a standard illuminant, D65, using the CAT02 chromatic
adaptation transformation.®

A portable type of spectrometer (Eye-one Photo, SN/
0121018, GretagMacbeth) was used to perform all measure-
ments in the field. The spectral reflectance data, from
380 to 730 nm with a 10 nm interval, were measured and
used to calculate CIE x, y chromaticity coordinates, which
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Figure 1. Measured data for (a) 112 casual garments, (b) 156 Tibetan fraditional garments, (c) 99 elec-
tronic devices, and (d) 86 flowers and leaves compared with the standard data of Munsell colors.

were obtained by calculating XYZ under the CIE standard
illuminant, D65.

RESULTS AND DISCUSSION
Estimation of the Region of Real World Object Colors
Figure 1 shows the measurement data plotted on the x, y
chromaticity diagram for (a) casual garments, (b) Tibetan
traditional garments, (c) electronic devices, and (d) flowers
and leaves. The 1294 standard data of Munsell colors are also
plotted together in each figure. The measured data are rep-
resented by the black circle symbols, and the Munsell data
are represented by the x symbols. It is interesting that the
Munsell data are partially distributed on the x, y chromatic-
ity diagram. Obviously, no colors are around the lobe of the
spectral locus at all.

Figure 1(a) shows that the casual garments, which were
produced by synthetic dyes, are distributed evenly within the
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Munsell color region. Tibetan traditional garments, which
were produced by natural dyes, are distributed locally as
shown in Fig. 1(b). Figure 1(c) shows that the electronic
devices are concentrated in several specific hue locations.
From Fig. 1(a)-1(c), it can be assumed that any artificial
object’s color would be located within the Munsell color
region. Meanwhile, Fig. 1(d) shows that some natural ob-
ject’s colors are distributed up to and beyond the Munsell
color region. Some are located very near to the right-side
spectral locus, and some are closer to the purple line.

With these experimental results, we assumed that any
object color, including artificial and natural, should be lo-
cated within the region consisting of the 1294 Munsell stan-
dard colors and 86 measured natural colors, which are pre-
sented by the hollow circle symbol in Figure 2. Figure 2 also
shows the comparison with the two internationally stan-
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Figure 2. The opfimum gamut of real world object colors compared with

the standard gamuts on the CIE chromaticity diagram with (a) x, y coor-
dinates and (b) v’, v/ coordinates.

dardized color spaces; the NTSC gamut and the sRGB
gamut.” The given object color data are not covered by either
of the two standard gamuts.

Wavelengths of RGB Primary Colors

In Fig. 2, the region boundary of real world object colors is
shown as a thick lined triangle. Figure 2(a) illustrates the x,
y coordinates, and Fig. 2(b) illustrates the u’, v coordinates.
There are two rules in determining three vertices of the thick
lined triangle. The first rule is that both the sSRGB gamut and
the NTSC gamut should be included, and the other rule is to
comprise the object color data as much as possible. The
three vertices positioned on the spectral locus were deter-
mined as follows.

First, the position of the left vertex plays a key role to
covering left corners of the two standard gamuts. If the left
vertex is positioned at a relatively long wavelength in the
blue region, the bottom boundary of the thick lined triangle,
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which connects the left vertex and the outmost data near the
purple line, cuts some part of the NTSC gamut as well as the
sRGB gamut. Meanwhile, if the left vertex is positioned at a
relatively short wavelength, the left boundary of the thick
lined triangle cuts some part of them. Thus, the left vertex
was optimally determined as the cross point of the left-side
spectral locus and the extension of the sSRGB bottom line so
that the sSRGB gamut is just included within the thick lined
triangle.

Next, the right vertex of the thick lined triangle was
simply determined as the crossing point of the line, which
connects the left vertex and the outmost data near the purple
line, with the right-side spectral locus.

Last, the position of the top vertex is also critical to
covering object color data located both very near to the
right-side spectral locus and around the left-side spectral
locus. So, the top vertex was determined as the crossing
point of the upper-side spectral locus and the extension of
the right vertex and the R primary of NTSC gamut so that
the NTSC gamut is just included in the thick lined triangle.

Figures 2(a) and 2(b) showed the same result. Accord-
ingly RGB primary colors of the optimum gamut were de-
fined as the monochromatic wavelengths of three vertices of
the thick lined triangle: 630 nm (R), 532 nm (G), and
468 nm (B).

Sensitivity of Color Reproduction to B Primary
It is necessary to test the optimum gamut against other ob-
ject color data not included in Fig. 2. The Standard Object
Color Spectra (SOCS) database in the ISO TR 16066 stan-
dard was developed for proper evaluation of the color sensor
quality of image input devices.'”"* The spectra of 53,361
objects were collected from 9 categories, which cover practi-
cally all object colors. These are photographic materials
(Transparencies/Reflection prints), graphic prints (Offset/
Gravure), computer color prints (dye sublimation/
electrostatic/ink-jet), paint (not for art), paints (oil paints/
water colors), textiles (synthetic dyes/plant dyes), flowers and
leaves, outdoor scenes (Krinov data except for flowers and
leaves), and human skin. The SOCS data was converted to
CIE x, y chromaticity coordinates under a standard illumi-
nant, D65, and tested as to how many SOCS data are out of
the optimum gamut. It had been reported that there is no
great difference between the gamut of SOCS and Pointer’s
gamut.”’14

Figure 3 shows the number of SOSC data out-of-gamut
varies with the shift of B primary from 443 to 478 nm with
a 5 nm interval when R and G primaries are fixed to 630
and 532 nm, respectively. The gray bar illustrates the num-
ber of out-of-left boundary SOCS data, and the black bar
illustrates the number of out-of-bottom boundary SOCS
data. As the wavelength of B primary gets shorter, the height
of the gray bar rapidly increases while the height of black bar
increases as the wavelength of B primary becomes longer
than 463 nm. So the accumulated heights, which mean the
numbers of out-of-gamut SOSC data, form a parabolic fig-
ure having the minimum number of 125 at the wavelength
of 463 nm. For the total SOCS data of 53,361, the failure
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Figure 4. The numbers of outofgamut SOSC data and their polynomial
fit.

percentage was 0.23%. These out-of-gamut data occurred all
out of the computer color print category, especially of the
dye sublimation type. Anyway, Figure 4 shows relatively
small numbers of out-of-gamut data points for the wave-
lengths 463, 468, and 473 nm. However, the wavelength of B
primary must be below 468 nm so that the SRGB gamut can
be included in the optimum gamut. Consequently, the range
of 463—468 nm can be defined as the tolerance limit of the
B primary.

In Fig. 4, the numbers of SOSC data out-of-gamut were
plotted as square symbols against the wavelength of B pri-
mary. Each unit of the y axis corresponds to 133 SOSC data
points out-of-optimum gamut, and the x axis represents the
wavelengths of the B primary normalisms to 468 nm. The
third order polynomial function obtained using data analysis
software ORIGIN 6.1 (OriginLab Co., Northampton, MA) is
also shown. The coefficient of determination (R?) of 0.9858
indicates that the relationship between wavelength of B pri-
mary and the number of out-of-gamut SOCS data is well
described by a third order polynomial function. However,
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Table 1. The wavelengths of the RGB primaries for four commercial laser display

systems.
Company R primary G primary B primary
Symbol 635 nm 532 nm 440 nm
(OLOR 628 nm 532 nm 447 nm
SONY 642 nm 532 nm 457 nm
ILP 630 nm 532 nm 473 nm
Optimum RGB 630 nm 532 nm 468 nm

this function shows a little discrepancy near to the tolerance
limit of the B primary.

Evaluation of Commercial Laser Display Systems

With the help of the SLM (Spatial Light Modulation) tech-
nology and diode laser, various types of laser display systems
have been developed. In Table I, the RGB primaries for four
laser display systems from different companies are com-
pared. Symbol Technologies has developed a micro laser
projection display engine, which employs red and blue semi-
conductor lasers and a green diode-pumped solid-state
(DPSS) laser" to produce full color images. The Corpora-
tion for Laser Optics Research (COLOR) develops and
manufactures high-powered RGB DPSS laser systems'® for
video projection and other industrial and scientific applica-
tions. Sony Corp. has developed a prototype front-
projection display system based on grating-light-valve (GLV)
devices."” This system uses a red semiconductor laser and
DPSS lasers. International Laser Productions (ILP) markets
RGB DPSS Laser Systems18 for laser show entertainment in a
variety of environments.

For the G primary, all laser display systems use the
DPSS laser of 532 nm, the same as the optimum G primary.
For the R primary, only the ILP system uses 630 nm, the
same as the optimum R primary. The other systems use
different wavelengths of 628, 635, or 642 nm. For the B pri-
mary, however, all systems use wavelengths different from
the optimum B primary. Symbol, COLOR, and SONY use
440, 447, and 457 nm, respectively, which are shorter than
the optimum B primary. ILP uses 473 nm, longer than the
optimum B primary.

Figure 5 shows the comparison of these four laser dis-
play systems’ gamut and the optimum gamut on the CIE
chromaticity diagram. Figure 5(a) illustrates the x, y coordi-
nates, and Fig. 5(b) illustrates the u, v' coordinates. Because
the color of lasers is so pure, different B primaries slide the
gamut along the spectral locus. Figure 5(b) shows the gamut
difference in a more uniform scale. The wavelengths of the G
primary for all laser systems are consistent at 532 nm, so the
number of out-of-gamut SOCS data can be estimated using
the third order polynomial function obtained from Fig. 4.

Table II shows this estimated number, the actually
counted number, and their relative error. The estimated or
counted numbers of four systems are in the order of wave-
length of B primary. The Symbol system, for which wave-
length is the shortest, shows the largest number, and the ILP
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Figure 5. Comparison of four laser display systems’ gomut and the opfi-
mum gamut on the CIE chromaticity diagram with (a) x, y coordinates
and (b) ', v/ coordinates.

Table I1. Comparison of estimated and counted results for commercial laser display
systems.

Counted No.

Estimated No. OQut-of-right Qut-of-bottom Relative error

Company Out-of gamut  boundary ~ boundary  Out-of-gamut (%)
Symbol 1146 1181 0 1181 =30
(OLOR 887 910 0 910 -25
SONY 338 299 0 299 13.0
ILP 241 86 47 164 47.0

system shows the smallest number due to the location of B
primary, which is closest to the tolerance limit. The relative
error increases as the wavelength of B primary becomes
closer to the tolerance limit, as shown in Fig. 4. For Symbol,
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COLOR, and SONY, the counted numbers for out-of-
bottom boundary SOCS data are all zero. This shows that
the wavelength of the R primary has little influence on the
color reproduction, and the wavelength of the B primary is
the key issue to achieve full color reproduction in a laser
display system. In addition, for the R primary, from the
viewpoint of visibility,"” a shorter wavelength is better.

CONCLUSION

The region of real world object colors was described ap-
proximately with the 1294 standard data of Munsell colors
and some measured data of natural objects. The three verti-
ces of the optimum gamut triangle were determined in order
to cover the two standard gamuts as well as the object color
region. Accordingly RGB primary colors of the optimum
gamut were defined as the monochromatic wavelengths of
three vertices of the inclusive triangle: 630 nm (R), 532 nm
(G), and 468 nm (B). The tolerance limit of the B primary
was also defined as the range of 463—-468 nm, using the
SOCS data. The relationship between wavelength of the B
primary and the number of out-of-gamut SOCS data was
adequating described by a third order polynomial function.
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