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Abstract 

The color gamut, i.e. the range of reproducible colors, is in most conventional 
display systems not sufficient for accurate color reproduction of highly 
saturated colors. Any conventional three-primary display suffers from a color 
gamut limited within the triangle spanned by the primary colors. Even by using 
purer primaries, enlarging the triangle, there will still be a problem to cover all 
the perceivable colors. By using a system with more than three primary colors, 
in printing denoted ����������	, the gamut will be expanded into a polygon, 
yielding a larger gamut and better color reproduction. 
 

�������������	�������� (
��) is a projection technology developed by �����
����	�����. It uses a chip with an array of thousands of individually controllable 
micromirrors, each representing a single pixel in the projected image. A lamp 
illuminates the micromirrors, and by controlling the amount of time each mirror 
reflect the light, using pulse width modulation, the projected image is created. 
Color reproduction is achieved by letting the light pass through color filters, 
corresponding to the three primaries, mounted in a filter wheel. 
 
In this diploma work, the DLP projector �����������70��� has been evaluated, 
using the ����������	�����������������	�	 ������	. The colorimetric 
performance of the projector is found to be surprisingly poor, with a color 
gamut noticeably smaller then that of a CRT monitor using standardized 
phosphors. This is due to the broad banded filters used, yielding increased 
brightness at the expense of the pureness of the primaries. 
 
With the intention of evaluating the potential for the DLP technology in multi-
primary systems, color filters are selected for additional primary colors. The 
filters are selected from a set of commercially available filters, the !� "�
#	�����$����	� for science and technology. Used as performance criteria for 
filter selection is the volume of the gamut in the %�&�'(�)�*�+�+,+-����$�	��
����	�����. 
  
The selected filters are measured and evaluated in combination with the 
projector, verifying the theoretical results from the filter selection process. 
Colorimetric performance of the system is greatly improved, yielding an 
expansion of the color gamut in CIE 1976 (L*u*v*) color space by 79%, 
relative the original three-primary system. These results indicate the potential 
for DLP in multiprimary display systems, with the capacity to greatly expand 
the color gamut, by using carefully selected filters for additional primary colors. 
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1 Introduction 

With the recent rapid development in the field of digital color imaging, the 
demands on quality and colorimetric accuracy have been increased. Color 
management systems are being developed for compensating device dependency 
in color reproduction, and gamut-mapping techniques are used to compensate 
the difference in color gamut. But still, one limitation is that the most saturated 
colors cannot be correctly reproduced by most displays. For any conventional 
three-primary display system, the range of reproducible colors, i.e. the gamut, 
will always be limited within the color triangle bounded by the primaries. Any 
color falling outside this triangle will be impossible to reproduce accurately. 
 
In [1] a six-primary display, constructed by two conventional LCD projectors 
and six interference filters, was presented. Even with the great optical loss due 
to the interference filters, a remarkable color gamut was obtained compared to 
conventional RGB displays. In the conclusions, the great importance of 
improving the contrast of the display were pointed out, as well as the 
importance of using a system with good optical efficiency. 
 
A new type of projectors, based on the 
�������������	�������� (
��) 
technology, provides high contrast and good optical efficiency, indicating its 
potential for being used in multiprimary systems. A six-primary system could 
be obtained using two DLP projectors, with modified filter wheels, by 
superimposing their images on the screen. 
 
The purpose of this diploma work is to evaluate the colorimetric performance of 
the DLP technology and its potential for use in multiprimary display systems. 
The intention is not to implement a functioning six-primary display, but merely 
to evaluate the possibilities and to examine how the color reproduction 
capabilities can be improved by using additional primary colors. The additional 
primary colors are obtained by color filters, selected for optimal colorimetric 
performance. 
  
The report begins with a discussion on the concept of Hi-Fi color and the color 
triangle. ��������� briefly describes the DLP technology, while the performance 
of a DLP projector, �����������70���,�is measured and evaluated in ��������.. 
Different performance criteria for obtaining optimal color filters for a multi-
primary system are discussed in ���������. The theoretical results for the filters 
are then compared to actual measurements of the filter performance in ��������
). Finally, ��������� concludes with a short discussion on the results. The 
definitions and equations for the different %�& color systems, commonly 
referred to throughout the report, can be found in the /���� ��. Many of the 
figures used in the report contain color information and are preferably viewed in 
color. 
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2 Hi-Fi Color 

In printing, ����������	 denotes the use of more than the conventional four inks 
cyan, magenta, yellow and black (CMYK), to increase the gamut, i.e. the range 
of reproducible colors. For some demanding high quality prints, four inks are 
simply not enough. The most commonly used Hi-Fi printing technique is 
�����	���, consisting of CMYK, complemented with green and orange. Up 
to now Hi-Fi color has mainly been used in expensive high-end systems, but 
recently even desktop printers using six or seven inks has become available 
([2]). 
 
In display systems, such as CRT monitors or different projectors, color is 
reproduced by an additive mixture of three primary colors. Recently, 
experiments have been made with multi-primary display systems, introducing 
Hi-Fi color even for applications using additive color mixtures. 

���� �������	�
��������������

The trichromatic nature of human vision were established as early as 1802 by 
0�����and later refined by ��������1. The trichromatic theory states that there 
are three different types of cones on the retina, each with different sensitivity 

functions2� 2�  and� . In 1853 3	���� formulated his famous laws, saying 
that every color stimulus can be completely matched using an additive mixture 
of three colors. Apparently three primary colors should be sufficient for color 
reproduction, and there would not be any need for Hi-Fi color. 
 
It is found, however, that colors of high purity cannot be matched correctly by 
the mixture of three primaries, e.g. red, green and blue. The hue and lightness 
can be matched, but the colorfulness of the mixture is not sufficient for a correct 
match. This is due to what is called ��4��� ������������ of the retina cones. 

The three sensitivity curves, ,�  and� , overlaps, making it impossible to 

stimulate only the green, , receptors without stimulating at least one of the  or 

 receptor type. 
 
It is simply not possible to achieve a trichromatic match, with the practical 
condition that the primaries must be strictly positive. With the possibility to use 
negative amounts of the primary colors, as is done in the color matching 
experiments by moving a primary over to the reference side, a trichromatic 
match would be possible for all colors. In practical display systems, negative 
amounts of the primaries cannot be achieved, since there cannot be negative 
light. Please refer to [3] for further details on the subject. 

���� �������������������

In an additive color system, the region of reproducible colors by the mixture of 
5 primary colors, can be represented by the 5-polygon in a chromaticity plane. 
For a conventional three-primary system, the gamut is enclosed by a triangle. 
����	��67', shows the color triangle for a CRT monitor, using the phosphors 
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standardized by the EBU (taken from [3]), in the %�&�'(�'��2�8���	�������8�
 ��	� and the %�&�'(�)��92�,9���	�������8� ��	��respectively (see the 
Appendix for the details). 
 

����	��67'7���������	��	������$�	��%���������	���������� 	 �1� ��������	�2����
%�&�'(�'��� �%�&�'(�)���	�������8� ��	���	�������,��87�

 
The triangle enclosed by the lines joining the primary colors red, green and 
blue, specifies the limitations of the system. All colors that fall outside the color 
triangle cannot be reproduced correctly, since they would require negative 
amounts of any of the primaries. They have to be transferred in to the triangle, 
giving the same hue, but with reduced colorfulness as the result. 
 
In order to expand the gamut for a three-primary system, the primary colors 
must be purer, i.e. closer to the spectral locus. However, there is always a trade-
off between pure colors and lightness, since purer primary colors require a 
narrower bandwidth, which increases the loss of light. Even with very pure 
primary colors, expanding the triangle towards the spectral locus, the gamut will 
still be limited to a triangle, making it impossible to cover all perceptible colors.  
 
With more than three primary colors, i.e. Hi-Fi color, the gamut will expand 
into a polygon, corresponding to the number of primaries. A six-primary system 
would, as an example, give a hexagon as color gamut, improving the 
possibilities of covering as much as possible of the perceptible colors. By using 
a multiprimary system with pure primary colors, a major part of the perceptible 
colors could be covered. ����	��676 shows an example of the color hexagon for 
a theoretic six-primary system in the CIE 1976 chromaticity diagram.  
 
Please notice that the chromaticity diagrams are useful for the discussion 
regarding the color gamut, but it is important to keep in mind that colors exists 
in a 3-D space, and not just in a 2-D plane. The important lightness component 
is not regarded at all in the 2-D chromaticity diagrams. 
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����	��6767�����������$�������	��	8��8�����:����������������������%�&�'(�)�
��	�������8� ��	�7�

���� ������������

To display an expanded color gamut on a multiprimary display, the images 
displayed must of course be represented in a way that contains sufficient color 
information. Standard RGB is not sufficient, since it suffers from the same 
limitations as the three-primary display systems, i.e. the gamut is bounded 
inside the color triangle.  
 
One obvious way is to represent the images with the same number of channels 
as the primaries of the display system, e.g. six-channel images for six-primary 
displays. The drawback is the device dependency, occurring when each color 
channel must correspond to the characteristics of the respective primary color 
for the system in question. 
 
A better solution is to use the %�&�'(�'�;0< coordinates (see the Appendix) to 
represent the color information in the images. Using the CIE XYZ coordinates 
provides a device independent format and the ability to represent all perceptible 
colors. The images must, of course, be captured in a way that does not limit the 
gamut, preferably by some kind of multispectral image acquisition system. This 
approach has, as an example, been used in [1], where images represented by 
CIE XYZ values and captured by a 16-band multispectral camera, are displayed 
using a six-primary system. For a thorough survey of multispectral image 
acquisition please refer to [2]. 
 
When displaying the image on a multiprimary system, the XYZ coordinates, 
given in the 3-D color space, must be converted to the signals for the 5 primary 
colors. This conversion involves a degree of freedom, due to metamerism, 
giving the multiprimary display the possibility to display the same tristimulus 
values with different spectra. Two different techniques for this color conversion 
are proposed and evaluated in [4].  
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3 Digital Light Processing, DLP 


�������������	��������, 
��, is a new, promising digital projection technique, 
developed by Texas Instrument [5]. It has the ability to be the final link in the 
chain of displaying digital image information, and can be used in different types 
of projectors aimed at different application areas.  

���� ��������������������������������

The heart of the DLP technology is the 
������=��	���		�	�
�,��� (
=
), a 
semiconductor light switch containing an array of thousands of microscopic 
mirrors. Each mirror, representing a pixel in the image, is mounted on a hinge 
structure making it possible to individually tilt it back and forth. By electrically 
addressing the memory cell below each mirror, it can be electrostatically tilted 
to the “on” (+10°) or “off” (-10°) positions. When the mirrors are not operating, 
they are stationary at 0°. The mirrors are constantly illuminated by the 
projection lamp and, when in the on-position, they reflect the light through the 
projection lens onto the screen, while in the off-position they reflect the light 
into an absorbing light trap. The technique that determines how long each 
mirror stays in either direction, and consequently the integrated amount of light 
on the screen, is called ������#� ���=� ������, �#=. The amount of time 
each mirror is projecting light is what determines the gray, or color, value for 
the respective pixel on the screen, while the power of the light is always 
constant. The mirrors, by the size of 16∗16 µm, have the capability of switching 
more than 1000 times a second. ����	���7'�shows a close up of a DMD chip 
with 9 micromirrors. The center mirror is removed, revealing the underlying 
hidden hinge structure. 
 

����	���7'7�%���������$��
=
�����2����4����(����	���		�	�2����')∗')�µ�2�4��������
�����	���		�	�	���,� 2�	�,������������������	����	�7�

 
For color reproduction, the light is in different ways divided into the primary 
colors, depending on the projection system. The different projection systems are 
differentiated by the number of DMD chips they use. The choice depends on the 
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intended usage, and is a trade-off between brightness, power dissipation, weight 
and, of course, cost. 

���� �������������� !�����

The three-DMD projector has one DMD chip for each of the primary colors 
(red, green and blue). The light from the projection lamp is divided into the 
primary colors by passing through a total internal reflection (TIR) prism and a 
set of dichroic color-splitting prisms. The combined light (R,G,B) from each 
chip, then passes through the TIR prism, into the projection lens and onto the 
screen. The three-DMD projector systems have the highest optical efficiency, 
required in the brightest large-venue applications, such as digital cinema. 
 
The three DMD system works with the additive color mixture principle, called 
�����	������	�>������������ . The technique can be traced back to Maxwell’s 
experiments of superimposing three primary colors from different projectors on 
the screen, as early as in the 1850:s (refer to [3] for details). 

���� ���� ���������� !�����

The most common type of DLP projector on the consumer market uses only a 
single DMD. The DMD modulates the light for each primary in succession and 
the light is then passing through a filter wheel, containing color filters according 
to the three primary colors. 
 
The cost and weight for a single DMD system is considerably lower than that 
for a three-chip system, making it the natural choice for the consumer market. 
The drawback is of course the loss of light, compared to the three DMD 
systems, since the available light is filtered with the three color filters in 
succession.   
 
The single-DMD projector, using a filter wheel, works with the additive color 
mixture principle, called ������������,��$	�������� �([3]). When the light of 
red, green and blue falls on the retina fast enough, the individual colors cannot 
be perceived and the color sensation is the additive mixture of the three 
primaries. The speed of the filter wheel must be high enough to avoid the 
sensation of flicker. Fast moving objects, especially colorful ones, can result in 
����	�$	������, where the colors breaks up during the fast motion. 

3.3.1 White Replacement 

In some of the available projectors using a single DMD, the filter wheel has 
been supplemented with a white segment, in addition to the three filters for the 
primary colors. The white segment is used for increasing the brightness in less 
saturated colors by adding an appropriate amount of white to the three 
primaries. When all three primaries are present, i.e. for less saturated colors 
towards the center of the color triangle, it is possible to preserve the correct hue 
and saturation, yet still increase the brightness, by adjusting the primary colors 
and adding additional white light.  
 
White replacement can be compared to the commonly used color printing 
technique of �	8�����������	����������(3%�). Whenever ink of cyan, 
magenta and yellow are present in the same color mixture, there is a gray 
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component to that color. The ink with the smallest value of the three (C, M or 
Y) can be removed from the color mixture together with appropriate amounts of 
the other two, and be replaced by black. This way the total amount of ink is 
reduced and problems with misregistration can be avoided. Usually maximum 
GCR is not used, since it may lead to flat black regions. Instead, some kind if 
transfer function controlling the amount of GCR, is usually applied. 
 
White replacement in DLP projectors works in a similar way, with white light 
used instead of black ink, as replacement. The main difference is that the 
motivation for white replacement is not to just replace three colors with another, 
yielding the same resulting color, as in GCR. Primarily it is to improve the 
brightness of the projector by adding an extra component of white, when it is 
possible without desaturating the colors. This is controlled by hardware, beyond 
the control of the user. 

��"� #	����������
��$%�

The main advantages of the DLP technology, compared to other projection 
technologies, are the optical efficiency, the fill factor and its digital nature ([6]). 
Because the DMD is a reflective device it provides a higher optical efficiency 
compared to the transmissive liquid display system (LCD) technology. In 
addition it does not require polarized light, unlike LCD, that limits the light 
efficiency by filtering the light by a polarizer. 
 
The micromirrors on the DMD chip are placed in such a way that a fill factor of 
up to 90% can be achieved. This means that 90% of the mirror area can actively 
reflect light to project the image, minimizing the gaps between pixels and give a 
seamless picture with higher perceived resolution. The higher fill factor gives 
DLP a superior image quality compared to LCD, with a fill factor of 70%, at 
best. This is demonstrated in $���	���76, showing close up photographs, taken 
under the same condition, of a photographic image of a polar bear displayed by 
a LCD and a DLP projector respectively. For a thorough survey of available 
electronic projection displays in comparison to the DLP technology, please refer 
to [7]. 
 

 
����	���767�%��������������	�����$���	�>���� ��%
������*��$�-�����	� ����
�	�>���� �
��������*	����-2� ������	��������� �$$�	����$����$���	�7�
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Finally the digital nature of the DLP technology is one of its greatest 
advantages. With the possibilities of today, to capture, edit, store and broadcast 
digital images, DLP offers the final link in the digital chain. In all conventional 
displays, the digital image must be converted to analog signals by a D/A 
converter before it can be displayed, introducing noise to the signal. DLP, on 
the other hand, actually displays the digital image, without any analog step at 
all. The picture seen on screen is actually still a digital image, leaving the final 
conversion to the viewer. 
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4 Evaluation of a DLP Projector 

In order to examine and evaluate the colorimetric performance of a DLP 
projector, and to achieve spectral data for the projector to be used for filter 
selection, the performance of a single-DMD projector has been measured. In 
addition, some experiments regarding the white replacement were performed, 
not intended to be a complete system identification, but merely an evaluation of 
the effect of the white replacement and an examination on how it is used. The 
performance of the projector is evaluated merely from a colorimetric 
perspective. For a discussion regarding other quality factors, relevant for 
different kinds of display systems, please refer to [8]. 

"��� &'(���������� ���)(�

4.1.1 The Projector 

The projector, �����������70���, is a conference room, single-DMD projector, 
using a filter wheel with an additional white segment for white replacement. It 
offers true XGA resolution, with a contrast ratio of 500:1 and a brightness of 
1300 ANSI lumens. Please refer to [9] for details and specifications. 
 
The measurements were performed under the condition that the projector should 
not be opened or demounted. This precludes the possibility of measuring the 
actual spectral distribution of the lamp, as well as the spectral transmission of 
the filters and lens system. Without separating the filters from the lamp, only 
the spectral distributions resulting from the combinations of the lamp and the 
filters can be obtained. 

4.1.2 The Instrument 

The instrument used for the measurements is the ����������	������������
�����	�	 ������	, using the =�	������	��=���� objective lens with 2ο 
aperture size. The measuring wavelength range is 380nm – 780nm, with 2nm 
spectral increment. The luminance sensitivity is 0.003 cd/m2, providing the 
possibility of measuring black levels of very low intensity. The detector dark-
current is measured and subtracted for each measurement, yielding the light 
signal only. For further details on the instrument, please refer to [10]. 
  
A Spectroradiometer measures the radiant energy from a source at each 
wavelength in the visible part of the spectrum. The result is a s����	��
 ���	�:������with the �����	��	 �����given in W⋅sr-1⋅m-2 for each wavelength 
in the interval. From the measured spectral distribution, all other photometric, 
radiometric and colorimetric quantities can be calculated. Even though the 
instrument offers the capability of calculating colorimetric values, all such 
calculations are made using MATLAB. 
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For a thorough survey of radiometry, photometry and color measurement, 
please refer to [11], while the readily available FAQ [12] is a good source for 
the definitions of the radiometric and photometric quantities. 

4.1.3 The Measurements 

Due to the high brightness of the projector, no measurements directly into the 
projector have been possible. Even with a 1% transmission neutral density filter 
mounted on the spectroradiometer, the direct light was too much for the 
instrument to handle properly. Therefore all measurements are made against a 
reference white ��:�	��� reflector. No absolute radiometric values of any use 
are achieved during these measurements, but for the purpose of this study, 
relative measurements are sufficient. 
 
The background ambient light, falling on the Lambertian reflector, has been 
measured and is subtracted from the measurements, yielding the light from the 
projector only.The default values are used for all projector settings, such as 
brightness, contrast and tint, during all measurements. 

"���  (�������%��
��������

����	��.7' shows the measured spectral power distributions for all the primaries 
and the white point of the projector. All values have been normalized to the 
peak white. A very small part of the spectral power of the lamp can be found in 
the red, long wave, part of the spectrum and the red primary contains less than 
11% of the radiometric power, compared to the white (see �:���.7'). The green 
primary, in which the major part of the spectral power of the lamp is located, is 
very broad banded and contains even most of the yellow part of the spectrum. 
 

����	��.7'7���������	� ������	����4�	� ���	�:������$�	������	��	8�����	��	����,�����
������"�4����7�
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Table 4.1 shows the measured 	 �����	�����4�	 and ��������, relative to that 
of the projected white for the projector. Radiometric power, �, (measured in 
W⋅sr-1⋅m-2) for a given spectral band is simply the integral of the measured 

spectral radiance, $* - for the interval, as: 
 

∫=
max

min

)(
λ

λ

λλ  $�     (.7') 

 
Luminance, �Y, (measured in cd/m2) is given by: 
 

∫=
max

min

)()(
λ

λ

λλλ  ?$!�
PY

    (.76) 

 
where the constant factor !P = 683 lm/W, is the maximum luminous efficacy of 

radiant power, and ?* - is the luminous efficiency function for photopic vision, 
identical to the color matching function )(λ8 (see the Appendix). The interval 

in this case is the measuring range for the spectroradiometer, i.e. PLQ = 380 nm 

and PD[ = 780 nm. 
 

�:���.7'7���������	� �	 �����	�����4�	�� ���������2�	����,����������	�>���� �
4����7�

 
Given the condition that the projector cannot be opened, it is not possible to 
separate the lamp from the filter and achieve transmittance data for the filters, or 
spectral characteristics of the lamp. The manufacturer has provided spectral 
transmittance for a “typical” projector, shown in $���	��.76. These data are not 
accurate enough for calculations, but give an indication of the spectral 
transmittance for the filters. The filters are very broad banded and cover 
together the entire spectrum. There is also a major overlap for the green and 
blue filters. Notice how the green filter transmits even most of the yellow part 
of the spectrum, as indicated by the measurements. 

*���� +�	 ,���� -�.� +/,/-
+����������	���������
(�0�� 1,000 0,107 0,271 0,190 0,568

+���������.��������
1,000 0,057 0,443 0,057 0,557
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����	��.7�7����������	���	�����������$�����$����	��$�	�������	����	��	8�����	�2�
�	�,� � �:8��������$���	�	2��������	�4������������	� ������	����4�	� ���	�:������
$�	�4����7�

"��� �������������%��
��������

From the measured spectral data for the primaries and the white of the 
projector, colorimetric values has been calculated (please refer to the Appendix 
for details). �:���.76 lists the %�&�'(�'��2�8- and the %�&�'(�)��92�,9�
chromaticity values for the primaries and the white. The same values have been 
used in $���	��.7., containing the color triangle, i.e. the gamut of reproducible 
colors, for the projector. As a comparison the color triangle for color television 
receivers, using the by EBU standardized chromaticity values for the primary 
phosphors ([3]) has been included. Notice how the color triangle of the DLP 
projector is completely enclosed by that of the standard TV receiver. In other 
words, the DLP projector has a noticeable smaller color gamut than a CRT 
monitor, using the standardized phosphors. The primaries for the DLP projector 
are all less saturated than the CRT primaries, due to the broad banded 
characteristics of the filters. The chromaticity values for the white point are 
equivalent to a %�		���� �%���	������	��	� (%%�) of 7043K, which is 
relatively high. The most similar of the CIE standard illuminants is ��� 	 �
����������%, �F , representing the light from an over cast sky, with CCT = 
6744K (from [13]). In figure 4.4 it can be seen how close the location of the 
white point is to the blue-green side of the color triangle. 
 
 

�:���.767�����%�&�'(�'��� �%�&�'(�)���	�������8����	 ������$�	�����
���
�	�>����	7�

 

*���� +�	 ,���� -�.�
��&��1��������������!

' 0,298 0,568 0,350 0,157
! 0,342 0,315 0,555 0,082

��&��123������������!
.4 0,183 0,402 0,156 0,171
�4 0,473 0,502 0,557 0,200
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����	��.7.7���������	��	������$�	�����
����	�>����	2������ ��������4����������2�
����	� �����%���������	2���������� 	 �1� ��������	�7�

"�"� *�����+�(���������

Experiments where made with the purpose of evaluating the effects and 
function of the white replacement, i.e. how the white segment is used for 
increasing the brightness for less saturated colors. In table 4.1, the radiometric 
power for the sum of the three primaries where given as 57% relative to the 
projected white. The sum of red, green and blue would correspond to a 
conventional three primary system, and the remaining spectral power must in 
some way be assigned to the extra white segment. ����	��.7� shows the spectral 
power distributions for the projected white compared to the calculated sum of 
the primaries. 

����	��.7�7����������	����4�	� ���	�:�������$�	������	�>���� �4���������	� ��������
������� ������$������	��	���7�

 
����	��.7) gives a picture of the problem to identify the white replacement. 
What is known are the R,G,B values given to the projector and the resulting 
spectral power distribution, that can be measured. Everything inside the “black 
box”, the projector, is unknown. 
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Inside the projector the original R,G,B values are converted to four new 
primaries R’, G’, B’ and W, including the white segment, most likely with some 
kind of look up table, �@�. The new R’,G’,B’,W values determines the amount 
of time each filter in the filter wheel is illuminated with the lamp. The resulting 
spectral power distribution must be a linear combination of four different 
spectral distributions, each resulting from the lamp and the respective filter. The 
characteristics of the lamp, as well as the filters are unknown. 

LUT R G B R’ G’ B’ W 

Lamp 

Filter wheel 

Measured SPD 

 
����	��.7)7����������������$������	�>����	7�

 
The approach taken here for examining the white replacement is to use series of 
measurements of variations of the colors, and see if it is possible to identify 
some kind of transfer function for the white replacement. 
 
The first assumption is that no white replacement occurs when only one of the 
primary colors is present. The motivation is that, when adding white light to a 
single primary, the saturation would be decreased and the color gamut reduced, 
since the vertices of the color triangle would be closer to the white point. 
 
����	��.7� shows the relative spectral power distribution for a series of 
measurements for the variation from black to red, i.e. R,G,B = (0,0,0) to 
(R,G,B) = (255,0,0), increased in steps of 8. Notice the modest variation in the 
parts of the spectrum other than the red, indicating that the assumption holds 
and no white replacement appears with only one color present. The same 
measurements have been performed for the green and blue primaries as well, 
with the same result. When only one of the primaries is present and varied, the 
other parts of the spectrum remains approximately constant. 
 

����	��.7�7�=���	� ���	�����$�*�232A-�B�*�2�2�-����*6��2�2�-�����������$�C7�
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����	��.7C shows a series of measurements from cyan to white, i.e. R,G,B = 
(0,255,255) to (255,255,255), in steps of 8. As in the previous series, only the 
red primary is varied, from 0 to 255. The difference here is that the green and 
blue primaries are both constant at 255, instead of constant at 0. Notice the 
difference in the result compared to figure 4.7. Although only the red primary is 
varied, as in the last case, the spectral power is increased throughout the entire 
spectrum, due to the white replacement. Without the white replacement, the 
result would have been similar to the previous, with changes only in the part of 
the spectrum belonging to the red primary. 
 

����	��.7C7�=���	� ���	�����$�*�232A-�B�*�26��26��-����*6��26��26��-�����������$�C7�
�
����	��.7( shows a series from cyan to white, for a hypothetical three primary 
system. To the start value cyan, taken from the series in figure 4.8, the series 
representing black to red from figure 4.7 has been added. The result is a series 
from cyan, R,G,B = (0,255,255), to white (255,255,255), with only the part of 
the spectrum belonging to the red primary changing, as it would appear for a 
conventional three-primary system, without any white replacement.  
 

����	��.7(7�%������ ���	����������������$����������8��*�232A-�B�*�26��26��-D�����
����	� ���	����*�232A-�B�*�2�2�-����*6��2�2�-2��������������	����$	����8�����4�����
$�	�����,����������	����	��	8��8����7�
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����	��.7'��shows the difference between the measured series of cyan to white 
including white replacement, given in figure 4.8, and the theoretical one without 
white replacement, given in figure 4.9. The resulting spectral power distribution 
represents the contribution from the white segment. Notice how the spectral 
power in figure 4.10a, is flat for low values of red, indicating that the white 
replacement is used only for less saturated colors with a significant amount of 
all the three primary colors present. 
 

����	��.7'�7�%������ ���	���2�	��	�����������������	�:������$	�������4������������7�
�
����	��.7''�shows the normalized radiometric power (see �E������.7') for the 
spectral power distribution, representing contribution of the white segment. This 
can be thought of as a transfer function for the white replacement, showing the 
amount of added white when the primary red is varied from 0 to 1. As could be 
expected, no white replacement occurs for low values of red, as this would 
reduce the saturation of cyan colors. Only for R>0.6 the white segment is used, 
to increase the brightness for the less saturated colors, close to white.  
 

����	��.7''7������,��	 �����	�����4�	�$�	���������	�:�������$�����4������������2�
4��������	� ��	��	8����,	�� 7�
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Equivalent experiments have been performed on the green and blue primaries as 
well, with similar results. ����	��.7'6 shows the transfer function for white 
replacement obtained by combining the results from all three primaries. Notice 
how the use of the white segment increases approximately linear from the point 
where the varied primary = 0.6, i.e. R, G or B = 152. 
 

����	��.7'67������������ ��	��$�	�$��������$�	�4�����	����������$�	���	:��		8�
�	��	8����	��� �$	��������'7�

 
The intention has not been to identify the complex look up table, merely to 
investigate the use of the white replacement. The results only show how the 
white replacement is used for the variation of one primary, with the other two 
constantly max (255). It says nothing about any other of the large number of 
possible combinations, as this would require a very large number of test series. 
 
From table 4.1 and figure 4.5 it can clearly be seen how the use of the white 
replacement greatly contributes to the total power, for the less saturated colors. 
For white, the radiometric power is increased with an additional 76%, compared 
to the result for a conventional three-primary system. The experimental series 
has shown that this can be done, without decreasing the saturation for the purer 
colors, where no white is added. 
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5 Filter Selection 

The basic idea for a six-primary DLP system is to use two projectors, with three 
different primary colors each, and superimpose the images on the screen, giving 
an additive mixture of six primary colors. One practical condition for this study 
is that the first projector must be, the already existing, �����������70���, 
without any modifications. The objective is then to select three color filters, to 
be used as primary colors for the second projector. The three new filters must 
complement the existing three primary colors for the colorimetric performance, 
as well as fitting the spectral characteristic of the projector lamp. Because of the 
great importance of the accuracy in the spectral characteristics data for the 
lamp, needed for calculating the filter responses, the second projector is 
assumed to be of the same type as the first one. This way, the spectral 
characteristics for the projector, resulting from the measurements in the 
previous section, can be used for the calculations. 

5��� ������������	���������

The previous work on theoretical filter design, mostly concentrated at filters for 
cameras or scanners, is comprehensive. For the interested reader [14] and [15] 
can be recommended as a good start on the survey of the mathematical 
considerations in filter design. 
 
In [16] it is pointed out that the use of virtual optimal filter curves, resulting 
from theoretical filter design, may result in practical filters not optimal at all. 
The theoretically optimal filter sensitivity functions need to be approximated 
during the fabrication process, and the approximation will introduce errors, 
making the fabricated filter curves deviate from the theoretical ones. The 
suggested solution, said to be the optimal filter design approach, is to use a 
parameterized model of the filter manufacturing process for optimization 
purpose. 
 
In this study however, it has not been possible, nor necessary for the purpose, to 
design and use custom made filters. The objective here is to select filters with 
the optimal colorimetric performance, from a set of commercially available 
filters, which can be easily purchased and used for tests and evaluation. 

5.1.1 Filter Set 

The filter set used for selection must, of course, be limited. When all possible 
combinations of filters are to be evaluated, the complexity increases rapidly for 

a large filter set. Selecting a number of!
~

filters out from a set of ! available 
filters, requires the evaluation of 
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filter combinations (from [2]). To select !
~

= 3 filters, as in this case, would 
require the evaluation of �F = 1.6*105 combinations for a filter set of !�= 100 
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available filters, with this approach. Clearly the set of filters used for evaluation 
as filter candidates cannot be too large. 
 
Considerations that have been made in the choice of filter set to be used for 
selection include cost, availability and that the dimension of the filters making it 
practicable to perform tests together with the projector. In addition, the spectral 
transmittance data for the filters must be available to perform the calculations 
needed for the filter selection process.  
 
The choice fell on the !� "�#	�����$����	� for science and technology. These 
are very thin (0.1 mm) gelatin color filters, originally designed for photographic 
use. The Wratten filters have been used in a great variety of scientific and 
technical applications. They are reasonably inexpensive, readily available and 
come in the size of 75∗75 mm, appropriate for being mounted in front of the 
projector, for the purpose of this study. The spectral transmittance data for all 
the Wratten filters are provided by the manufacturer in [17]. 
 
Included in the filter set for selection are 27 different Kodak Wratten color 
filters, all listed in �:����7', below. 

5��� �������+��(�����

On account on the practical difficulties of measuring the spectral characteristic 
of the actual projector lamp (as discussed in ��������.), the measurement of the 
projected white is used for the filter response calculations (see $���	��.7'). The 
spectral characteristics of this projected white, i.e. R,G,B = (255,255,255), 
consist of the sum of all the four filters in the filter wheel (including the white 
segment) in combination with the lamp. This corresponds to the case where the 
filter is mounted in front of the projector, instead of in a custom-made filter 
wheel, inside. 
 
The spectral transmittance data for the Kodak Wratten filters in the selection set 
are provided by the manufacturer in [17]. The tabulated data is given in the 

interval 400 – 700 nm, with �10 nm.  
 

The spectral response, �N�( ), for filter " is calculated as: 
 

[ ]7
11NNNN

#�#�#�� )()(),...,()(),()()( 2211 λλλλλλλ =  (�76) 

 

where �N ( ) is the tabulated spectral transmittance for filter ", # ( ) is the 
measured spectral radiance of projected white (in the interval 400–700 nm and 

down sampled to �10 nm for the dimensions to agree) and 5 = 31. 

5��� %��
�����������������

The main objective for the selection of three color filters as additional primary 
colors is to improve the color reproduction of the projector. In some way, the 
ambition must be that a human observer should be able to perceive the 
improved colorimetric performance of the system, with a noticeable expanded 
color gamut, more saturated colors and a larger number of reproducible colors. 
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Preferably, the performance criteria used for the optimization in the filter 
selection process, should account for this. 

5.3.1 CIE 1976 Chromaticity Diagram 

In earlier sections, the %�&�'(�'- and %�&�'(�) chromaticity diagram has been 
used for discussions regarding the spectral locus and the color triangle, 
representing the 2-D color gamut for a three-primary system. The most 
straightforward way would be to use the area of the resulting color hexagon, for 
a six-primary system, in a CIE chromaticity diagram as the performance criteria 
for filter selection. The obvious choice would then be the CIE 1976 u’, v’, 
chromaticity diagram, because of its property of being perceptually uniform. 
The area of the color gamut would therefore have a closer correspondence to the 
perceived gamut of the system for a human observer, than in the CIE 1931 
chromaticity diagram. ����	���7' below shows the color triangle of the 
projector together with the filter responses for the 27 Wratten filters used for 
filter selection, in CIE 1931- and CIE 1976 chromaticity diagram respectively. 
 
Experimental results from [18] shows, however, that using this approach of 
considering saturation only, and maximizing the area of the 2-D color gamut in 
the CIE 1976 chromaticity diagram, results in an unacceptable decrease of the 
luminance of the system. There always has to be a trade-off between pure, more 
saturated colors, resulting from narrow band filters, and bright, but less 
saturated colors, resulting from broad banded filters. When using the area of the 
2-D gamut in a chromaticity diagram as performance criteria, the choice will 
fall on the most saturated colors, closest to the spectral locus. The filters 
generating these colors must be of narrow bandwidth to be close to the spectral 
locus of monochromatic colors, and the loss of light from the lamp is increased 
with the reduced bandwidth of the filter.  
 
When increasing the saturation in the chromaticity diagram, the perceived 
colorfulness would not necessarily be increased due to the great loss of 
luminance. The quantity %�&�'(�)����	����, �XY, which is proportional to the 
distance for the color in question to the reference white, is not the optimal 
choice when relating to what is perceived as colorfulness for a human observer. 
This is since it does not include the lightness term in any way. %�&�'(�)�
���	����, �XY, is defined as: 
 

22 )()(13
QQXY
,,��� ′−′+′−′=    (�7�) 

 
where �9 and ,9 are the CIE 1976 chromaticity coordinates of the color and �9Q�
and ,9Q are the coordinates of the reference white. Saturation can be described as 
the colorfulness of an object judged in proportion to the brightness of the object 
itself, rather to that of a white. 
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����	���7'7�����	���������$�����6��#	�����$����	�����%�&'(�'��� �%�&'(�)�
��	�������8� ��	�2�	�������,��87�

5.3.2 CIE 1976 Chroma 

What is perceived as colorfulness of a color for a human observer is more 
closely related to the colorimetric property %�&�'(�) ��	��,�%+, in a 3-D 
uniform color space, such as CIELUV or CIELAB, than it is to saturation, �XY, 
measured in a 2-D chromaticity diagram. In the CIELUV color space the 
chroma, %+XY, is defined by 
 

22 *)(*)(* ,�%
XY

+=     (�7.) 

 
Chroma is simply the distance for the color in question to the �+-axis (the white 
reference) in the CIELUV color space (see $���	���76). The reason that chroma, 
that is based on �+ and ,+, is a better choice as a performance criteria than 
saturation, based on �9�and ,9, is that it contains, not only the saturation, but the 
lightness term as well. Please refer to equations /7'��and /7'.�for the definition 
of �+ and ,+. Comparing them to the definition of saturation (equation 5.3) 
gives the simple relation between chroma and saturation as: 
 

XYXY
��% ** = � � � � (5.5) 

 
indicating that the difference in chroma between a color and the reference white 
is reduced when the lightness is reduced. Chroma can be described as the 
colorfulness of an area judged in proportion to the brightness of a similarly 
illuminated area that appears to be white (from [3]).  
 
The first of two different suggested performance criteria for colorimetric filter 
design in [18] is to use the sum of the chroma values for all the primaries of the 
system. The conditions here are different in some important aspects, making 
this criterion inappropriate. In [18] the objective is to optimize, with respect to 
colorimetric performance, the dye concentration for filters used with a three-
primary CRT. The different spectral distributions for the three CRT’s assures 
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that the different hue-angles for the primaries, spans the color gamut. The %�&�
'(�)���������2��XY, is defined as: 
 






=

*

*
arctan

�
,

�
XY

    (�7)) 

 
and is simply the angle in the CIELUV color space between the plane 
containing the �+ axis and the color, and the plane containing the �+ axis and 
the u* axis. Please refer to figure 5.2 
 
In the case of color filters for DLP, the same light source will be used for all the 
six primary colors. An optimization process with this performance criterion 
would, most certainly, result in very poor colorimetric performance, since it 
does not involves the hue at all. Nothing would prevent that three filters are 
chosen with approximately the same hue-angle, making the contribution to the 
expansion of the color gamut very limited. For a good colorimetric performance 
it is necessary to involve the hue of the color as well as the chroma, to make 
sure that the combination of the six primaries span the largest gamut possible.  
 
Even though the proposed performance criteria is not appropriate for the filter 
selection in this study, the colorimetric quantity chroma is useful for 
comparison of filters with approximately the same hue-angle, and for estimating 
the perceived colorfulness of a certain color. It has therefore, together with the 
hue-angle, been included in �:����7', which lists the colorimetric quantities for 
all the evaluated Wratten filters. 

����	���767�����%�&�'(�)���	��2�%+2�� �����%�&�'(�)���������2��
XY
2�$�	�����$����	�

	���������$�����#	�����$����	�5�7667�

5.3.3 CIE 1976 (L*u*v*) Color Space 

The other performance criterion proposed in [18] for colorimetric filter design is 
to maximize the volume of the gamut in a 3-D color space, such as CIELAB or 
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CIELUV. This make sense, since these color spaces has been constructed for 
the purpose of being perceptually uniform, with the equal distances in any 
direction in the color space representing roughly the same visual difference for 
a human observer ([3]). The volume of the gamut of any system should 
therefore correspond well to the number of different colors that can actually be 
perceived by a human observer. In [16] as well, it is stated that any objective 
function for filter design should be implemented within a perceptually uniform 
color space, and in [1] the volume of the gamut in CIELUV space is 
successfully used as an optimization criteria for colorimetric filter design. 
 
The CIELUV color space is recommended by the CIE for applications that uses 
additive color mixtures, while the widely adopted CIELAB color space is a 
better choice for surface color measurement, e.g. printed products ([19]). Since 
this is an additive color system, the primary performance criterion for the filter 
selection is chosen to be the volume of the color gamut in the CIELUV color 
space. 
 
The use of CIELUV color space requires that a reference white is being used 
(please refer to the Appendix). Typically, any of the %�&���� 	 �����������, 
such as D50 or D65 , is used as a reference white, and is chosen to represent the 
expected viewing conditions. The projector could be used in a variety of 
different viewing conditions, and it is not possible to predict them all. Due to 
the high brightness (1300 ANSI lumens) for the projector it is, however, 
reasonable to assume that the luminance of the peak white for the projector will 
exceed the surrounding ambient light, for most viewing conditions. The white 
point of the projector will then be perceived as white for the observer. 
Therefore, the spectral power distribution of projected white for the projector is 
used as the reference white in the calculations, rather than any of the standard 
illuminants. 
 
The analysis of the color gamut in CIELUV color space is very complicated and 
for tractability the volume of the polyhedron with six planar triangles will be 
used to approximate the gamut. The five vertices of the polyhedron are the three 
primary colors, as well as the white- and black point of the projector (see�$���	��
�7�). The same approach has been used in [18] and [1], and the approximation is 
conjectured to be good enough, with a volume close to that of the true gamut 
(from [18]). Here the actual, measured, black point of the system is used, rather 
than the origin in CIELUV color space as in [18]. This gives a better 
correspondence to the true gamut, since there is never possible to project total 
black, without any light leakage. Figure 5.3 shows the approximated gamut in 
CIELUV uniform color space of the original three-primary projector, together 
with the calculated responses for the 27 Wratten filters. 
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����	���7�7�������	������ �����	�������$������	�>����	����%�&�@?�����	�����2�
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5�"� �������&���.������

The calculated spectral responses, �N( ), for the filters together with the 
projector, are used for calculating the colorimetric quantities. For details on the 
colorimetric calculations, please refer to the Appendix. �:����7' lists the 
colorimetric responses used for evaluation, for all 27 Kodak Wratten filters in 
the selection set. 
 

 
�:����7'7���������	����	�����	$�	�����$�	����!� "�#	�����$����	�������������������
���7�

������ ����� �� �� �� �� �� � � ��
XY

	
XY

��� Yellow-Green 80,01 -15,06 93,82 0,169 0,563 0,380 0,564 95,0 99,1
��� Amber 63,28 53,45 70,33 0,248 0,559 0,491 0,491 88,3 52,8
�% Pale Yellow 96,15 -0,83 9,65 0,182 0,481 0,304 0,356 9,7 94,9
� Light Yellow 95,54 -7,86 84,73 0,177 0,541 0,362 0,492 85,1 95,3
� Yellow 93,57 0,85 110,10 0,184 0,564 0,405 0,552 110,1 89,6
� Deep Yellow 92,19 9,24 111,81 0,191 0,567 0,421 0,555 112,2 85,3
�� Yellow Greenish 70,82 -36,60 77,40 0,143 0,557 0,327 0,565 85,6 115,3
�� Deep Yellow 91,27 15,97 113,90 0,197 0,569 0,434 0,559 115,0 82,0
�� Deep Yellow 89,44 23,76 110,92 0,204 0,569 0,444 0,552 113,4 77,9
�� Yellow-Orange 84,27 37,84 102,45 0,218 0,567 0,462 0,535 109,2 69,7
�� Orange 74,54 69,37 85,53 0,255 0,562 0,504 0,494 110,1 51,0
�� Deep Orange 63,83 99,66 67,33 0,303 0,554 0,551 0,448 120,3 34,0
�� Red Tricolor 29,17 116,00 20,26 0,489 0,527 0,676 0,324 117,8 9,9
�� Deep Red Tric. 18,00 87,67 10,09 0,558 0,516 0,709 0,292 88,3 6,6
�� Red 8,45 44,80 4,20 0,591 0,511 0,722 0,278 45,0 5,4
�� Magenta 29,69 34,61 -104,57 0,273 0,202 0,236 0,078 110,2 288,3
�� Magenta 15,84 49,96 -28,38 0,426 0,335 0,417 0,146 57,5 330,4

��$ Viloet 13,47 10,01 -69,38 0,240 0,077 0,177 0,025 70,1 278,2
��$ Blue 47,78 -21,17 -81,08 0,149 0,343 0,181 0,185 83,8 255,4
�� Light Blue-Green 39,42 -47,81 -36,70 0,090 0,402 0,132 0,263 60,3 217,5

��$ Light Blue-Green 41,21 -37,18 -61,14 0,114 0,359 0,147 0,207 71,6 238,7
�� Blue Tricolor 15,70 1,84 -74,84 0,192 0,107 0,151 0,037 74,9 301,4

��% Deep Blue Tric. 6,12 3,26 -33,73 0,224 0,049 0,161 0,016 33,9 275,5
�� Blue 5,11 2,71 -28,17 0,224 0,049 0,160 0,016 28,3 275,5
�� Green Tricolor 57,18 -52,49 76,77 0,112 0,576 0,293 0,668 93,0 124,4
�� Deep Green Tric. 51,29 -54,62 69,83 0,101 0,578 0,271 0,688 88,7 128,0
�� Green 37,90 -25,64 52,22 0,131 0,579 0,335 0,658 58,2 116,2
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5.4.1 Pre Selection 

Before evaluating the effect on the volume of the gamut in CIELUV space for 
all combinations of filters in the selection set, some of them can be discarded 
using additional selection criteria. The purpose of this is both to reduce the 
number of candidate filters and, most important, to account for aspects not 
considered in the primary criteria. Three additional performance criteria are 
used for the pre selection of the filters: 
 

• To expand the color gamut, and contribute to new reproducible colors, 
the response for a filter must naturally fall outside the existing color 
gamut. All filters, which responses fall inside the existing gamut of the 
three-primary system are discarded and will not be used for further 
selection. 

 
• The lightness for any of the primary colors cannot be allowed to be too 

low. Some of the filters in the selection set actually give, in 
combination with the projector, a CIE Lightness component, �+, lower 
than the black point of the projector. This is, of course, not acceptable 
for a primary color. All filters which give responses with �+�lower or 
close to the black point are considered to be too dark and are discarded. 
�+ ≥ 16 is chosen as threshold.  

 
• The current objective is to select three new filters to compliment the 

existing three for a six-primary system. It is therefore important that 
they are selected to compliment the existing filters and not to replace 
them. Some of the filters in the selection set give a response that 
expands the color gamut a great deal, but would totally enclose some of 
the existing primary colors since they have approximately the same 
hue-angle. The result would not be a true six-primary system, since one 
of the existing primaries would be redundant. These filters could surely 
be used to expand the gamut of the system, but should then be used as a 
replacement for one of the original primary colors, not as a compliment. 
An additional criterion is therefore that the resulting gamut from the 
filters should not enclose any of the existing primary colors in the 
CIELUV color space, or in the CIE chromaticity diagrams. This is 
achieved by first discarding all filters that give a response with 
approximately the same hue-angle (±15ο) as any of the existing three 
primaries.  

 
After applying the criteria for pre selection, only 11 candidate filters remain for 
further evaluation. ����	���7.�shows the remaining filters in the CIE 1931 and 
CIE 1976 chromaticity diagram, respectively. Notice how nearly all the filters 
with responses close to the spectral locus in the chromaticity diagrams have 
been discarded after the pre selection. With the area of the 2-D gamut as 
performance criteria, these are the one that would have been selected, resulting 
in unacceptably dark primary colors. 
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5.4.2 CIE 1976 (L*u*v*) Volume 

The remaining 11 candidate filters are evaluated with the volume of the color 
gamut in the CIELUV color space as performance criteria. ����	���7��shows the 
positions of the remaining filter responses in CIELUV space, together with the 
color solid representing the gamut of the three-primary projector. Notice how 
the filter responses clearly fall into three different groups, corresponding to the 
 

����	���7�7�����	���������$�	�����	��������''�#	�����$����	�����%�&�@?�����	�����7�
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different sides of the original color solid. The three groups correspond 
approximately to yellow-orange (6 filter candidates), blue-green (4 filter 
candidates) and magenta (only 1 candidate). In this case the requirement is to 
expand the gamut to allow for new reproducible colors of different hue, and it 
therefore makes sense to select filters from all three different groups. Since the 
filters from one group will not affect the gamut on any of the other two sides of 
the color solid, an exhaustive search, with all possible filter combinations 
evaluated, is not necessary. Instead the filters can be selected independently 
from the three groups, considering how much each filter contributes to the 
expansion of the volume of the gamut. 
 
����	���7) shows, as an example, the resulting gamut for the yellow filter 
5�7'6. Notice how the other two sides of the color solid are completely 
unaffected by the yellow filter. The same holds for all the 11 remaining filters, 
making the approach of three independent selections possible. 
 
The resulting gamut for the filter, i.e. how much the gamut is expanded, is a 
polyhedron consisting of five vertices (e.g. R-W-G- WF12-K, in figure 5.6) 
connected by six planar triangles. This polyhedron can easily be divided into 
two tetrahedrons, each consisting of four vertices connected by four planar 
triangles. With the example of Wratten filter 5�7'6 in figure 5.6, the 
tetrahedrons are �� = (R-G-W-WF12) and �� = (R-G-K-WF12). The volume of 
the gamut resulting from a filter is then simply the sum of the two tetrahedrons, 
each one given by: 
 

3

/�
?
7

=      (�7�) 

 
where / is the area of the base triangle (e.g. R-G-W in figure 5.6a) and � is the 
perpendicular distance to the fourth vertex (e.g. WF12). 
 

����	���7)7��������� � ���������%�&�@?�����	�����2�	���������$	���#	�����$����	�
5�7'67 



 

 28

�:����76 shows the calculated volume expansions of the color gamut for each 
of the 11 filters. The absolute values, in volume units, of the volume in 
CIELUV color space are not of any real interest. The relative volume refers to 
how much the filter contributes to the expansion of the volume relative to the 
volume of the original three-primary system. From each of the three different 
groups, the filter with the largest contribution to the volume of the gamut has 
been regarded as optimal. 
 
 

 
�:����76�F�����	���������,������������������%�&�@?�����	������$�	�����	��������
''�#	�����$����	�7�

 
With the volume in CIELUV color space as performance criteria, the optimal 
three Wratten filters to be used along with the projector as additional primaries 
are 5�7�6�(magenta), 5�7..�(light blue-green) and 5�766�(deep orange). 
Together they would, theoretically, expand the gamut of the original system by 
approximately 94%, measured in the CIELUV perceptually uniform color 
space. 
 
Due to problems regarding availability, two of the filters found optimal had to 
be replaced in the practical experiments with the best candidates available on 
short notice. The Wratten filter 5�7.. (blue-green) was replaced by the slightly 
lighter 5�7../, while 5�766 (deep orange) was replaced with the yellow 5�7'6. 
Please refer to table 5.1 for the chromaticity values and to table 5.2 for the 
resulting gamut volume. This gives a somewhat smaller gamut, with a total 
increase of approximately 81% relative to the three-primary system.  
 
Notice how the Wratten filter 5�7../�was selected prior to, the also available, 
5�7)'�as a replacement for 5�7.., despite the slightly better performance of  
5�7)'7 The reason is that 5�7)' is intended to be used as tricolor green. Even 
though Wratten 5�7)'�expands the volume of the color gamut, it is a pure green 
that would work as a replacement of the already existing green primary, as can 
be seen in figure 5.4. 
 
The Wratten filters 5�7'6, 5�7�6�and 5�7../�were purchased and used for the 
experiments and evaluation in the following section. 

������ ����� #6���7��� +����7���
�� Magenta 64116 0,22
"" Light Blue-Green 101670 0,34

""# Light Blue-Green 78697 0,27
58 Green Tricolor 76261 0,26
3� Deep Green Tric. 85044 0,29
8 Yellow 70333 0,24
1 Deep Yellow 82710 0,28
�� Deep Yellow 93797 0,32
�5 Deep Yellow 97816 0,33
�3 Yellow-Orange 100030 0,34
�� Deep Orange 113080 0,38
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6 Experimental Results 

In order to verify the theoretical results of the filter responses from the previous 
section, the spectral performance of the three Kodak Wratten filters that were 
selected (5�7'6, 5�7�6�and 5�7../), are measured in combination with the 
projector, �����������70���. The measurements are used to calculate the 
colorimetric properties and to evaluate the suitability of the filters as three 
additional primary colors in a six-primary system. 

3��� &'(���������� ���)(�

Due to practical difficulties, it was not possible to use an additional projector 
with the chosen three filters mounted in a filter wheel, which would have been 
the optimal solution. Instead the filters were measured in combination with the 
same projector, �����������70��� that was tested and evaluated in ��������..  
 
All measurements of the Wratten filters are obtained by placing the filters, one 
at the time, in front of the projector, while projecting white, i.e. (R,G,B) = 
(255,255,255), through the filter. This is because it is not possible to use the 
lamp directly to illuminate the filters, without demounting the projector. This 
experimental set up, with the spectra of projected white representing the lamp, 
corresponds to the conditions used in ����������for filter selection. 
 
The responses of the filters are measured against a reference white Lambertian 
reflector using the ����������	�����������������	�	 ������	. The 
background ambient light has been measured and is subtracted in all results 
shown below. All colorimetric quantities have been calculated from the 
measured spectral power distributions using MATLAB. For further details on the 
instrument and the experimental set up, please refer to ��������.7'. 

3���  (�������%��
��������

����	��)7' shows the measured relative spectral power distributions for the 
three Wratten filters in combination with the projector. For comparison, the 
corresponding calculated filter responses, used in the filter selection process in 
the previous section (see �E�������76) have been included. The filter responses 
are measured by projecting white (255,255,255) through each filter and the 
resulting spectra have been normalized to the peak white. 
 
����	��)76 shows the measured spectral transmittance of the Wratten filters 
together with the corresponding tabulated values, taken from [17]. The spectral 

transmittance �N( ) for filter ", is given by: 
 

[ ]7
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where # ( ) is the measured spectral power distribution of  projected white and 

�N ( ) is the resulting measured spectral power distribution of the same white 
projected through filter ". 
 
Notice how the measured spectral transmittance of the Wratten filters 
correspond very well to the tabulated data provided by the manufacturer (in 
[17]), as well as how the spectral responses, in combination with the projector, 
corresponds well to the calculated data in section 5. This indicates that the 
tabulated data for the filters are reliable, with small deviations from the actual 
filters, making the calculations and the method for evaluation in the previous 
section highly relevant. 

����	��)7'7����������	����4�	� ���	�:������$�	�����	���������$�������	���#	�����$����	�
5�7../2�5�7�62�� �5�7'62��������	�4���������	�>����	7�=���	� ���4������
������� �$	����:���� �,����7�
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����	��)767����������	���	�����������$�������	���#	�����$����	�5�7../2�5�7�62�� �
5�7'67�=���	� �� ��:���� �,����7�

3��� �������������%��
��������

The measured spectral performance of the Wratten filters is used to calculate 
colorimetric quantities for evaluating the colorimetric performance of the filters 
(for details on the colorimetric calculations please refer to the Appendix). �:���
)7' shows the %�&�'(�) chromaticity values, %�&�'(�)�chromaticity values and 
the %�&�'(�)�*�+�+,+-�values, for the tested Wratten filters, the primary colors, 
and for the black and white point of the system.  
 

 
�:���)7'7�%���	����	���E���������$�	�������	���#	�����$����	�2������	��	8�����	��� �
:��"�� �4�����$�	������	�>����	7�

6.3.1 Chromaticity Diagrams 

����	��)7� below shows how the three Wratten filters expand the color triangle 
to a hexagon in the CIE 1931 and CIE 1976 chromaticity diagram respectively. 
The inner color triangle represents the gamut of reproducible colors for the 
original three-primary projector. The hexagon is the new gamut for the six-

*���� +�	 ,���� -�.� -���9 *��""# *���� *����
��&��1��������������!

' 0,298 0,568 0,350 0,157 0,305 0,147 0,243 0,436
! 0,342 0,315 0,555 0,082 0,340 0,196 0,079 0,557

��&��123������������!
.4 0,183 0,402 0,156 0,171 0,189 0,117 0,281 0,198
�4 0,473 0,502 0,557 0,200 0,473 0,349 0,205 0,569

��&��123�:$;.;�;<
$; 100,00 28,72 79,73 30,92 10,39 42,22 28,65 90,34
.; 0,00 81,91 -27,98 -4,71 0,75 -36,48 36,30 17,67
�; 0,00 10,78 87,32 109,68 0,00 -68,21 -99,92 112,28
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primary system, with the three Wratten filters used as additional primary colors. 
The area of the new gamut, resulting from the filters, can be found in Table 6.2 
 

����	��)7�7��������� � �����	����������������	�������$�������	���#	�����$����	�2�
����	� ������������	��	�������$������	���������	��	8��8����7����%�&�'(�'�� �%�&�
'(�)���	�������8� ��	��	�������,��87�

6.3.2 CIE 1976 (L*u*v*) Color Space 

As in the previous section, the color gamut in CIELUV uniform color space is 
approximated with a polyhedron consisting of planar triangles. The peak white 
for the projector is used as the reference white. 
 
The color gamut for a six-primary system is expanded to a polyhedron with 
eight vertices, connected by twelve triangles. ����	��)7. shows the resulting 
gamut for a six-primary system, with the three Wratten filters used as additional 
primaries, in CIELUV color space. The gamut of the original three-primary 
system is shown as an opaque polyhedron, while the additional gamut resulting 
from the filters is shown as semi transparent. The resulting volume of the color 
gamut can be found in �:���)76, below. For details on volume calculations, see 
���������7.76. 
 
To refer to the discussion regarding the different performance criteria for filter 
selection in ���������7�, please notice how the yellow filter, Wratten 5�7'6, in 
the CIE1976 chromaticity diagram (figure 6.3b) appears to give a very small 
contribution to the increase of the color gamut. In the CIELUV color space (see 
figure 6.4b) on the other hand, it is in fact the one filter that gives the largest 
increase of the color gamut. 
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����	��)7.7��������� � �����	���������	�������$�������	���#	�����$����	�����
%�&�@?�����	�����7�������E������8�� 	���	��	�����������������$������	�>����	7�
����������	���	�������8�� 	���	��	��������������� � �������$�����)��	��	8�
�8����7�

 
�:���)76 shows the actual measured results on the volume in CIE 1976 
(L*u*v*) color space, as well as the area in the CIE 1931- and CIE 1976 
chromaticity diagram. A comparison to �:����76 shows that the theoretical, 
calculated results from ���������7. holds very well. The resulting volume of the 
gamut in CIELUV uniform color space for a six-primary system gives an 
increase of 79% compared to volume of the three-primary system. 
 

�
�:���)767�����	���������������$�������	���#	�����$����	�7�G��$�	����H�	�$�	���������
�	���������	��	8��	�>����	7�G����H�	�$�	����������	�����������	��	8��8����2�������
�����	���#	�����$����	����  ��������	��	���7�

+�
������ *��""# *���� *���� �����
��&��1��������������!

��������	
��
 0,07 0,01 0,01 0,01 0,10
���
���	
��
 1,00 0,18 0,14 0,14 1,32

��&��123������������!
��������	
��
 0,04 0,01 0,02 0,00 0,07
���
���	
��
 1,00 0,20 0,36 0,06 1,62

��&��123�:$;.;�;<
��������	������ 295920 79032 61111 93085 529150
���
���	������ 1,00 0,27 0,21 0,31 1,79
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3�"� +�(�����������%���������

There is reason to believe that the original three filters, designed for a three-
primary system, will not be optimal when using three additional primaries. As 
an additional test, the performance of the Wratten filters, intended for 
trichromatic color reproduction, where measured and evaluated as potential 
replacements for the original primaries. The response of the Wratten filters 
5�76�, 5�76(, 5�7�C, 5�7)', 5�7.��and 5�7.�A�(please refer to �:����7') were 
measured in the same way as described above. With the volume of the gamut in 
CIELUV color space as performance criteria, the optimal filters were selected 
from the Wratten, as well as the original filters, i.e. three candidate filters for 
each primary color.  
 
The optimal filters where found to be the original blue for the projector, 
Wratten 5�76� as a replacement for red and 5�7�C as a replacement for green. 
����	��)7��and $���	��)7) shows the resulting gamut in the CIE chromaticity 
diagrams and in CIELUV color space, respectively. 

����	��)7�7�����	��������������$�	�������	��	8��8�����4��������	� �� ��	����
�	��	����	����� �:8�#	�����$����	�7����%�&�'(�'��� �%�&�'(�)���	�������8�
 ��	��2�	�������,��87�

 

����	��)7)7�����	�����������������%�&�'(�)�*�+�+,+-�����	������$�	�������	��	8�
�8�����4��������	� �� ��	�����	��	����	����� �:8�#	�����$����	�7��
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Notice how the response from the red Wratten filter, 5�76�, completely 
encloses the original red, while the response from the green Wratten filter, 
5�7�C, gives a larger, but somewhat different gamut. Darker and purer green 
colors are gained at the expense on the somewhat brighter greens of the original 
filter. The two blue Wratten filters, 5�7.��and 5�7.�A, both resulted in a 
smaller gamut compared to the original blue for the projector, due to very dark 
filter responses. The resulting volume in CIELUV color space for this virtual 
six-primary system is expanded with 137% relative to the original projector. 

3�5� ����������������+��.����

6.5.1 The Light Source 

Please notice that all these results refer to measurements of filters being placed 
in front the projector, one at the time. No actual six-primary system with two 
projectors, using different filter wheels, has been tested due to practical 
difficulties.  
 
Used as a light source for the filters is the projected white for the projector, 
rather than the lamp. This corresponds to the lamp filtered through the four 
filters of the filter wheel. Compared to using the lamp directly, this approach 
gives a darker result, since the lamp is filtered with four additional filters, 
beside the one in question. Compared to the situation where the filter is 
mounted in a filter wheel, this approach should give a somewhat brighter 
response. Although illuminated directly with the lamp, the filter mounted in a 
filter wheel is illuminated only a fraction of the total time, which of course 
reduces the total energy. 
 
The experimental set up corresponds to what can be used as a four-primary 
system, with an original three-primary projector and an additional projector 
displaying a gray scale image through a color filter and that way providing the 
fourth primary color. The experimental results should be interpreted with this in 
mind, knowing that the results cannot be directly transferred to an actual six-
primary system, but should be seen merely as an evaluation of the potential for 
DLP used for a six primary system. 

6.5.2 Comparison to the Theoretical Results 

The good correspondence between the measured results, spectral as well as 
colorimetric, and the predicted results calculated in section 5, indicates the 
accuracy of the evaluation method as well as of the tabulated filter data. In turn, 
this indicates that even better colorimetric performance could be achieved, 
using the filters that were found optimal, but discarded on account of 
availability. Replacing the cyan filter 5�7../�with the more greenish 5�7.., and 
the yellow filter 5�7'6�with the orange 5�766 would, according to the results 
from the calculations in ���������, expand the color gamut in the CIELUV color 
space with 94% of the original gamut, compared to the 79% achieved with the 
three filters used for this experimental result. 
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7 Discussion and Conclusions 

2��� �������������%��
��������

The new DLP technology for projectors offers many advantages, such as light 
efficiency, high contrast ratio and a seamless picture. Measurements and 
evaluation of the DLP projector �����������70����in this report reveals, 
however, a surprisingly poor colorimetric performance. The gamut of 
reproducible colors is noticeably smaller than that of a standardized CRT 
monitor, as a comparison. In fact, the color triangle of the DLP projector is 
completely enclosed by that of the CRT monitor.  
 
This poor colorimetric performance is due to the broad banded filters used, 
resulting in primary colors of low purity. The manufacturer has clearly chosen 
the brightness of the projector in the trade-off between pure primaries of narrow 
bandwidth and brighter, broad banded primaries. When using a white light 
source, the optical loss becomes large if only three narrow band filters are used, 
and purer primaries would be achieved at the expense of the brightness of the 
projector. 

2��� �.���(�����!����(��!�

By using two projectors with different filter wheels, each containing three 
narrow band filters this problem can be solved. With the condition to keep the 
brightness constant, the available light from two projectors could be shared by 
six purer primaries, using narrow band filters, but still covering the entire 
spectra of the lamp. The purpose of the additional projector is not to enhance 
the total brightness of the system, but to expand the color gamut. This six-
primary display should be able to greatly enhance the color gamut, expanding it 
to a hexahedron with purer primaries, closer to the spectral locus.  
 
As a comparison, it was found in [1] that, when using interference filters and 
two LCD projectors for a six-primary system, a remarkable color gamut was 
obtained, even though the total brightness of the system was heavily decreased 
due to the interference filters. When using DLP technology the conditions are 
better, since the combination of a white light source and highly transmissive 
color filters reduces the loss of light dramatically, compared to the system with 
narrow band LCD primaries filtered by interference filters. 

2��� ��������	�&���.������

Tests and evaluations in this report have confirmed the potential for DLP in 
multiprimary systems. Even though the additional filters where selected from a 
rather small set of commercially available filters, the result was a remarkable 
expansion of the color gamut. The good correspondence to the theoretical 
results indicates that even better performance could be attained by using the 
filters found optimal. The evaluation has also shown how the original primaries, 
designed for a three-primary system, are not optimal within a six-primary 
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system. For optimal performance, all six filters should be designed, or selected, 
prior to using the custom three-primary filters.  
 
The exact values obtained for the expanded color gamut cannot be considered 
accurate for an actual six-primary system, since the conditions for the tests and 
evaluation are different from that of a real multiprimary system, with filters 
mounted in a filter wheel. It gives, however, a good indication of the potential 
of using DLP projectors for multiprimary display systems. 

2�"�  .6=�������+��.����

Although the performance criteria for the filter selection were chosen with the 
human observer in mind, there is no way to measure or guarantee optimality for 
the subjective impression of a human observer. The subjective assessment of 
image quality is a complicated issue, depending on the test images, the viewing 
conditions and the viewers themselves ([18]). Since the colorimetric 
performance is measured in CIELUV color space, which is constructed to be 
perceptually uniform, the results should however correspond well to what can 
actually be perceived. The expansion of the gamut in CIELUV color space 
gives an indication of the number of new colors possible to reproduce by the 
system, and to perceive by a human observer. 

2�5� ���.�����������

When trying to capture test images, appropriate for demonstrating the capacity 
of the multiprimary system and therefore containing colors that match the new 
primaries, it was found that the deep cyan color from the Wratten filter 5�7../�
was very hard to match. It simply did not seem to exist in any natural object. 
 
This indicates that using the volume of the gamut in CIELUV color space may 
not be enough as performance criteria in the filter selection process. Even 
though it considers some aspects of human color vision and maximizes the 
gamut in a perceptually uniform color space, it does not consider if the 
perceptible colors actually occur in nature. There is not much use of being able 
to correctly reproduce colors that hardly ever will be present in any image.  
 
������	�has published data defining, what is called, the ������	������[20] of 
natural colors. This gamut is intended to describe all available real surface 
colors that can occur naturally in the real world, and is defined in the CIELUV 
color space, as well as in the CIELAB. In [1] the Pointer gamut is used to 
evaluate the result of a multiprimary display system.  
 
The suggestion is that the Pointer gamut is used as an additional performance 
criterion in the process of filter design, or filter selection. That way the natural 
occurrence of a color in nature will be regarded in addition to the human 
perception of the color. 

2�3� �����.������

DLP technology has shown good potential for being used in a six-primary 
system, containing two projectors. All six color filters should be selected, or 
custom made, to fit the spectral characteristics of the lamp, as well as 
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complement each other for colorimetric performance. For optimal performance, 
the actual spectral power distribution of the lamp should be used in the selection 
process instead of projected white. The performance criteria used for filter 
selection should account for the human perception of colors and be 
implemented within a perceptually uniform color space, such %�&�'(�)�
*�+�+,+-. Using the volume of the gamut in CIELUV color space as 
performance criteria implicitly takes care of the trade-of between pure, narrow 
band, and bright, broadbanded, primaries, because of the included lightness 
component.  
 
The superior optical efficiency, brightness and contrast of the DLP technology 
compared to LCD, making it the ideal choice in multiprimary systems for 
applications with high demands on accurate and vivid color reproduction. With 
carefully selected filters, a multiprimary DLP system has the potential to offer 
accurate color reproduction of a very large part of the perceptual colors, 
occurring naturally in the real world.  
 
 



 

 39

8 References 

[1] T. Ajito, T. Obi, M. Yamaguchi, N. Ohyama, &��� � �����	������
	��	� ��� �:8������	��	8��	�>������� ����8, Proc. SPIE Vol. 3954, 2000 
 
[2] J. Y. Hardeberg, /�E���������� ����	� ��������$�%���	������I�
%���	����	���� �=���������	��/��	�����, Dissertation.com, 2001, ISBN 1-
58112-135-0 
 
[3] Dr. R. W. G. Hunt, �������	� ��������$�%����	, Fifth Edition, Kingston-
upon-Thames, Fountain Press, 1995, ISBN 0 86343 381 2 
 
[4] T. Ajito, K. Oshawa, T. Obi, M. Yamaguchi and N. Ohyama, %���	�
���,�	���������� �$�	�������	��	8� ����8���������	����4�������, Optical 
Review, Vol.8, No.3, 2001 
 
[5] Texas Instruments: Digital Light Processing, http://www.dlp.com 
(Available 2002-04-28) 
 
[6] L. A. Yoder, /�����	� ��������������
�������������	���������*
��-�
���������8, Texas Instruments White paper 
 
[7] L. J. Hornbeck, �	������� ��	8����� ���������	���		�	�I�/������	8��$�
�����	������	�>������� ����8����������8, Texas Instrument Technical Journal, 
1998 
 
[8] T. J. Nelson, J. R. Wullert II, &����	�������$�	������
����8�������������, 
Singapore, World Scientific, 1997, ISBN 9810213018 
 
[9] InFocus, http://www.infocus.com (available 2002-04-24) 
 
[10] PhotoResearch, http://www.photoresearch.com (available  
2002-04-24) 
 
[11] Dr. R. W. G. Hunt, =���	����%����	, Third Edition, Kingston-upon-
Thames, Fountain Press, 1998, ISBN 0 86343 387 1 
 
[12] J. M. Palmer, � �����	8�� ���������	8��/J, 
http://www.optics.arizona.edu/Palmer/rpfaq/rpfaq.htm (available  
2002-04-24) 
 
[13] P. A. Keller, &����	�����
����8�=���	�����, John Wiley & Sons, ISBN 
0-471-14857-1 
 
[14] P. L. Vora and H. J. Trussell, =���������=���� ��$�	�����
�������$�
%���	��������������	�, IEEE Transactions on Image Processing, Vol. 6, No. 2, 
1997 
 
[15] P. L. Vora, ����	��	� ������ �K	���������8����%���	�����	 ���������	�

�����, IEEE Transactions on Image Processing, Vol. 10, No. 4, 2001 
 



 

 40

[16] S. Quan, N. Ohta, R. S. Berns, N. Katoh, K������
�������$�%��	�
�����	���������,��8�����������A�� �����	�����������	�%���������, Proc. 
IS&T/SID Ninth Color Imaging Conference 
�
[17] !� "�������	����������	���� :��", Eastman Kodak, 1990,  
ISBN 0879856580 
 
[18] J. Kim, %���	������	��$�	�%���:�� ���	��	�>���� �����,�����, IEEE 
Transactions on Consumer Electronics, Vol. 42, No. 4, 1996 
 
[19] G. G. Field, %���	�� ��������	� ������, Second Edition, Pittsburgh, 
GATFPress, 1999, ISBN 0-88362-201-7 
 
[20] M. R. Pointer, ����3�����$�������	$���%����	�, Color Research and 
Application, Volume 5, Number 3, 1980 
 
[21] G. Wyszecki, W. S. Stiles, %���	��������I�%��������� �=���� �2�
J�������,��
��� ���	����, Second Edition, John Wiley & Sons, 1982, 
ISBN 0-471-02106-7 



 

 41

Appendix 

This appendix provides the definitions of the different colorimetric systems, 
standardized by the %�&�(%�������������	�������� ���9L���	��), that are 
used throughout this report. The intention is not, however, to give a survey of 
color science, but merely definitions and short explanations of the colorimetric 
calculations used. For a thorough explanation of the different color systems, 
please refer to [3], and for a complete work on definitions and tabulated values 
to [21]. 

��&��1���>?@� !�����

CIE Color Matching Functions 

In 1931 CIE defined the ����	���������$��������� )(λ� , )(λ8 and )(λ1 for the 
��� 	 ��:��	,�	. The color matching functions were defined to avoid negative 
values, and for )(λ8  to match the spectral luminous efficiency function, ?* -, 
that represents the relative luminance of the colors. Throughout this work, the 
original 1931 color matching functions for the 2ο standard observer (see $���	��
/7') is used for calculations, rather than the supplementary 10ο standard 
observer, defined in 1964. 

����	��/7'7�����%�&�'('6�����	���������$���������$�	�����6ο���� 	 ��:��	,�	7�
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CIE XYZ Tristimulus Values 

For a given color stimulus with spectral radiant power distribution $* -, the CIE 
tristimulus values ;2�0�and < are given by: 
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where )(λ� , )(λ8 and )(λ1 refers to the color matching functions, while PLQ 

and PD[ defines the interval. Usually PLQ = 380 nm and PD[ = 780 nm is used 
to represent the visual part of the spectrum. 

��&��1��������������!���������

Sometimes the relative differences between the tristimulus values are of greater 
interest than the absolute values. The normalized chromaticity values �, 8 and 1 
are given by: 
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where ;, 0, and < are the CIE tristimulus values. 
 
Since � + 8 + 1 = 1, only two of the chromaticity values are necessary, and 
usually 1 is ignored. The %�&�'(�'���	�������8� ��	� is a plot of colors in a 
2-D subspace, using the chromaticity values � and 8 as coordinates (see $���	��
/76). The �����	�������, often included in the chromaticity diagram, is a plot of 
all monochromatic colors, i.e. of only one wavelength. The chromaticity 
diagram is useful for visualizing e.g. the color gamut of a system, compared to 
the optimal one, bounded by the spectral locus.  
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����	��/767�����%�&�'(�'��2�8���	�������8� ��	�2������ �������������	�������7�

��&��123������������!���������

In the CIE 1931 x, y chromaticity diagram, the colors are not uniformly 
distributed. The distance between what is perceived as equal color differences 
can in the �, 8 diagram differ with as much as twenty times between the 
different regions. The shortest distances appear in the blue region, while the 
longest appear in the green.  
 
To account for this, the %�&�'(�)��92�,9���	�������8� ��	��(see $���	��/7�) 
was constructed to be perceptual uniform. The distances in the �9, ,9 diagram 
corresponds approximately to what is perceived as equal color distances. The 
chromaticity values �9 and ,9 are given by: 
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where ;, 0, and < are the CIE tristimulus values, 
 
or by: 
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where � and 8 refer to the CIE 1931 chromaticity values. 
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����	��/7�7�����%�&�'(�)��92�,9���	�������8� ��	�2������ �������������	�������7�
 

��&��123�:$;.;�;<�)��
���������� (����

The %�&�'(�)�*�+�+,+-�����	�����, usually abbreviated %�&�@?, is a 3-D 
color space with the aim of being perceptually uniform, i.e. with distances in the 
color space representing approximately the same color difference for a human 
observer. CIELUV color space is recommended for applications that use 
additive color mixtures. All colors in CIELUV color space is related to a 
reference white, usually some of the CIE standard illuminants. The CIE 1976 
�+, �+ and ,+ is defined as: 
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where 0Q, �9Q�and ,9Q refers to the reference white. 
 
The quantity %�&�'(�)����������, �+, is scaled to approximate the perceived 
lightness of a color relative to the reference white (with �+=100). The quantities 
�+ (red-green) and ,+ (blue-yellow) refers to the chromaticity of the color 
relative the reference white (with �+= ,+= 0). By plotting �+ and ,+ in the 
horizontal plane and �+ along the vertical axes, the 3-D perceptually uniform 
color space is constructed. 
 


