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illuminant types that are determined to be adjacent in a cir-
cular ordered list of illuminant types that is circularly ordered
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1
COLOR GENERATION USING MULTIPLE
ILLUMINANT TYPES

CROSS REFERENCE TO OTHER
APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application No. 61/196,974 entitled SIMPLIFIED COLOR
GENERATION USING MULTIPLE ILLUMINANTS filed
Oct. 21, 2008 which is incorporated herein by reference forall
purposes.

BACKGROUND OF THE INVENTION

Light emitting devices can be categorized as either illumi-
nation devices or display devices. Illumination devices,
known as luminaires, are primarily intended to make objects
and surfaces visible while display devices are intended to
graphically convey information. Both emit light by means of
illuminants of different types, having different colors. Addi-
tive color mixing combines these illuminant types in appro-
priate proportions to achieve a selected color. Selectable col-
ors include the entire human perceptual gamut from deeply
saturated hues to every shade of white. While three illuminant
types were traditionally used, four or more illuminant types
are useful in providing a broader gamut for both luminaires
and display devices. Four or more illuminant types are also
useful for luminaires incorporating light sources such as
LEDs (Light-Emitting Diodes) that emit a relatively narrow
wavelength bandwidth because broader spectrum coverage
improves color rendering.

When three or fewer illuminant types are used there is
exactly one mixture of the brightness values for each of the
illuminants for each possible color, but with four or more
illuminant types there are infinite mixtures for each color,
known as metamers of that color. Different metamers have
varying qualities, among them brightness and color rendering
(e.g., affecting the color appearance of surfaces being illumi-
nated), so the best metamer for a selected criterion is pre-
ferred. However, finding this best metamer has been a difficult
problem. Prior art methods applicable to four or more illumi-
nant types include linear programming, calculus of varia-
tions, ad-hoc measurement with lookup tables, and probabi-
listic algorithms using Monte Carlo simulation or simulated
annealing. Many of these methods generate metamers that
imprecisely match the selected color. Most of these methods
require significant computational resources, especially for
large numbers of illuminants. All of these methods fail to
achieve abest metamer under a selected criterion (e.g., bright-
ness, color rendering, etc.) for at least some parts of the
illuminant gamut, and most cause visual artifacts for at least
some color changes. Visual artifacts result from sudden
changes in the composition of the computed metamers, so
while an aggregate original color and an aggregate new color
may differ almost imperceptibly, constituent illuminant
brightness can change utterly between them. Such sudden
transitions trigger a strong reaction in an observer’s visual
system that is perceived as an irritating flicker.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of the invention are disclosed in the
following detailed description and the accompanying draw-
ings.

FIG. 1A is a table illustrating an embodiment of eight
representative illuminant types.
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FIG. 1B is a graph illustrating an embodiment of illuminant
relative intensity.

FIG. 2A is a plot illustrating an embodiment of the CIE
1931 xy chromaticity diagram showing illuminant hue angle.

FIG. 2B is a plot illustrating an embodiment of the CIE
1931 xy chromaticity diagram showing an illuminant gamut.

FIG. 3 is a plot illustrating an embodiment of the CIE 1931
xy chromaticity diagram showing triangular decomposition.

FIG. 4A is a plot of color mixing by triangular decompo-
sition illustrating an embodiment of a calculated total illumi-
nant brightness.

FIG. 4B is a plot illustrating an embodiment of color mix-
ing.

FIG. 5 is a plot illustrating an embodiment of the CIE 1931
xy chromaticity diagram showing a restricted gamut.

FIG. 6 is a graph illustrating an embodiment of a method of
obtaining all possible proportions of two arbitrary illuminant
types.

FIG. 7A is a diagram illustrating an embodiment of a
method of obtaining all possible proportions of three arbitrary
illuminant types IL,, IL,, and IL,.

FIG. 7B is a diagram illustrating an embodiment of one
possible tessellation of the two-dimensional triangular con-
trol surface.

FIG. 7C is a table illustrating an embodiment of detailed
information for each vertex in FIGS. 7A and 7B.

FIG. 8A is a diagram illustrating an embodiment plotting a
portion of a two-dimensional triangular control surface.

FIG. 8B is a diagram illustrating an embodiment plotting
the drive level of the illuminant type associated with vertex
800 in the two-dimensional triangular control surface of FIG.
7A, in perspective as a vertical dimension above the horizon-
tal plane.

FIG. 9A is a diagram illustrating an embodiment of a
method of obtaining all possible proportions of four arbitrary
illuminant types 1L, IL,, IL,, and IL; that are required for
color mixing.

FIG. 9B is a diagram illustrating an embodiment of one
possible tessellation of the two-dimensional rectangular con-
trol surface.

FIG. 9C is a table illustrating an embodiment of detailed
information for each vertex in FIGS. 9A and 9B.

FIG. 10A is a diagram illustrating an embodiment plotting
a portion of the two-dimensional rectangular control surface
of FIG. 9A.

FIG. 10B is a diagram illustrating an embodiment plotting
the drive level of the illuminant type associated with vertex
1000 in the two-dimensional rectangular control surface of
FIG. 9A, in perspective as a vertical dimension above the
horizontal plane.

FIG. 11A is a diagram illustrating an embodiment of a
two-dimensional color-space-independent pentagonal con-
trol surface useful for obtaining all possible proportions of
five arbitrary illuminant types that are required for color
mixing.

FIG. 11B is a diagram illustrating an embodiment of one
possible tessellation of the two-dimensional pentagonal con-
trol surface.

FIG. 11C is a diagram illustrating an embodiment plotting
a portion of the two-dimensional pentagonal control surface
of FIG. 11A.

FIG. 11D is a diagram illustrating an embodiment plotting
the drive level of one illuminant type in the two-dimensional
pentagonal control surface of FIG. 11A, in perspective as a
vertical dimension above the horizontal plane.

FIG. 12A is a diagram illustrating an embodiment of a
two-dimensional color-space-independent hexagonal control
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surface useful for obtaining all possible proportions of six
arbitrary illuminant types that are required for color mixing.

FIG. 12B is a diagram illustrating an embodiment of one
possible tessellation of the two-dimensional hexagonal con-
trol surface.

FIG. 12C is a diagram illustrating an embodiment plotting
a portion of the two-dimensional hexagonal control surface of
FIG. 12A.

FIG. 12D is a diagram illustrating an embodiment plotting
the drive level of one illuminant type in the two-dimensional
hexagonal control surface of FIG. 12A, in perspective as a
vertical dimension above the horizontal plane.

FIG. 13A is a diagram illustrating an embodiment of a
two-dimensional color-space-independent heptagonal con-
trol surface useful for obtaining all possible proportions of
seven arbitrary illuminant types that are required for color
mixing.

FIG. 13B is a diagram illustrating an embodiment of one
possible tessellation of the two-dimensional heptagonal con-
trol surface.

FIG. 13C s a diagram illustrating an embodiment plotting
a portion of the two-dimensional heptagonal control surface
of FIG. 13A.

FIG. 13D is a diagram illustrating an embodiment plotting
the drive level of one illuminant type in the two-dimensional
heptagonal control surface of FIG. 13A, in perspective as a
vertical dimension above the horizontal plane.

FIG. 14 is aplotillustrating an embodiment of the CE 1931
xy chromaticity diagram showing chromaticity response to
changing illuminant intensity.

FIG. 15A is a diagram illustrating an embodiment plotting
two example illuminant types IL, and IL.; on a CIE 1931 xy
chromaticity diagram.

FIG. 15B is a diagram illustrating an embodiment plotting
the necessary proportions of IL, and IL| for each chromaticity
in the gamut shown in FIG. 15A, along with the total intensity
of the combination of illuminant types.

FIG. 16A plots a color-space-specific translation of the
triangular control surface.

FIG. 16B is a diagram illustrating an embodiment of cor-
respondence between color-space-independent triangular
control surface 1650 and color-space-specific triangular con-
trol surface 1660.

FIG. 17A is a diagram illustrating an embodiment plotting
a color-space-specific translation of the rectangular control
surface.

FIG. 17B is a diagram illustrating and embodiment of
correspondence between color-space-independent quadrilat-
eral control surface 1750 and color-space-specific quadrilat-
eral control surface 1780.

FIG. 18A is a diagram illustrating an embodiment plotting
a color-space-specific translation of the pentagonal control
surface.

FIG. 18B is a diagram illustrating an embodiment of cor-
respondence between color-space-independent pentagonal
control surface 1850 and color-space-specific pentagonal
control surface 1852.

FIG. 19A is a diagram illustrating an embodiment plotting
a color-space-specific translation of the hexagonal control
surface.

FIG. 19B is a diagram illustrating an embodiment of cor-
respondence between color-space-independent hexagonal
control surface 1950 and color-space-specific hexagonal con-
trol surface 1952.

FIG. 20A is a diagram illustrating an embodiment of plot-
ting a color-space-specific translation of the heptagonal con-
trol surface.

20

25

30

35

40

45

50

55

60

65

4

FIG. 20B is a diagram illustrating an embodiment of cor-
respondence between color-space-independent heptagonal
control surface 2050 and color-space-specific heptagonal
control surface 2052.

FIG. 21A is a diagram illustrating an embodiment of an
example color-space-independent control space for six illu-
minants where one is relatively desaturated with respect to the
others.

FIG. 21B is a diagram illustrating an embodiment plotting
the desaturated illuminant drive level in the two-dimensional
pentagonal control surface.

FIG. 21C is a diagram illustrating an embodiment plotting
a color-space-specific translation of the desaturated pentago-
nal control surface.

FIG. 22A is a cross-sectional view diagram illustrating an
embodiment of a luminaire.

FIG. 22B is a diagram illustrating an embodiment of a
display.

FIG. 23 is a block diagram illustrating an embodiment of a
system capable of optimized color generation using multiple
illuminant types.

FIG. 24 is a block diagram illustrating an embodiment of a
system capable of optimized color generation using multiple
illuminant types.

FIG. 25 is a flow chart illustrating an embodiment of a
process for generating a colored light through color mixing.

FIG. 26A is a table illustrating an embodiment of a chro-
maticity data structure useful for color mixing calculations.

FIG. 26B is a table illustrating an embodiment of a tris-
timulus data structure useful for color mixing calculations.

FIG. 27A is a table illustrating an embodiment of a vertex
data structure used for color mixing.

FIG. 27B is a table illustrating an embodiment of a facet
data structure used for color mixing.

FIG. 27C is a table illustrating an embodiment of a color
calculator state data structure used to store predetermined and
calculated data for a color-mixing device and its control sur-
faces.

FIG. 28A is a table illustrating an embodiment of an illu-
minant status data structure used to store measured illuminant
type characteristics of a color-mixing device.

FIG. 28B is a table illustrating an embodiment of a com-
mand data structure for a color-mixing device.

FIG. 28C is a table illustrating an embodiment of a drive
level set data structure used to communicate drive level infor-
mation to an electronic driver controlling illuminant intensity.

FIG. 29 is a flow chart illustrating an embodiment of a
process for generating colored light.

FIG. 30 is a flow chart illustrating an embodiment of a
process for updating tables.

FIG. 31 is a flow chart illustrating an embodiment of a
process for generating a gamut.

FIG. 32 is a flow chart illustrating an embodiment of a
process for generating polygons for a control surface.

FIG. 33 is a flow chart illustrating an embodiment of a
process for creating a color-space-specific vertex for a control
surface.

FIG. 34 is a flow chart illustrating an embodiment of a
process for processing a color-space-specific center vertex for
a control surface.

FIG. 35 is a diagram illustrating an embodiment of a facet
for a control surface.

FIG. 36 is a flow chart illustrating an embodiment of a
process for tessellating control surface polygons.

FIG. 37 is a flow chart illustrating an embodiment of a
process for tessellating a control space with three illuminant

types.
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FIG. 38 is a flow chart illustrating an embodiment of a
process for tessellating an inner region of a control space.

FIG. 39 is a flow chart illustrating an embodiment of a
process for tessellating a middle region of a control space.

FIG. 40 is a flow chart illustrating an embodiment of a
process for tessellating an outer region of a control space.

FIG. 41 is a flow chart illustrating an embodiment of a
process for adding a facet to the control space facet array.

FIG. 42 is a flow chart illustrating an embodiment of a
process for recalculating illuminant proportions.

FIG. 43 is a flow chart illustrating an embodiment of a
process for calculating an interpolated drive level set.

FIG. 44 is a flow chart illustrating an embodiment of a
process for calculating output drive levels and illuminant
utilization efficiency.

FIG. 45 is a flow chart illustrating an embodiment of a
process for creating a color-space-independent vertex for a
control surface.

FIG. 46 is a flow chart illustrating an embodiment of a
process for creating a color-space-independent center vertex
for a control surface.

FIG. 47 is a plotillustrating an embodiment of a process for
selecting a specific path when changing between two colors.

DETAILED DESCRIPTION

The invention can be implemented in numerous ways,
including as a process; an apparatus; a system; a composition
of matter; a computer program product embodied on a com-
puter readable storage medium; and/or a processor, such as a
processor configured to execute instructions stored on and/or
provided by a memory coupled to the processor. In this speci-
fication, these implementations, or any other form that the
invention may take, may be referred to as techniques. In
general, the order of the steps of disclosed processes may be
altered within the scope of the invention. Unless stated oth-
erwise, a component such as a processor or a memory
described as being configured to perform a task may be imple-
mented as a general component that is temporarily configured
to perform the task at a given time or a specific component
that is manufactured to perform the task. As used herein, the
term ‘processor’ refers to one or more devices, circuits, and/or
processing cores configured to process data, such as computer
program instructions.

A detailed description of one or more embodiments of the
invention is provided below along with accompanying figures
that illustrate the principles of the invention. The invention is
described in connection with such embodiments, but the
invention is not limited to any embodiment. The scope of the
invention is limited only by the claims and the invention
encompasses numerous alternatives, modifications and
equivalents. Numerous specific details are set forth in the
following description in order to provide a thorough under-
standing of the invention. These details are provided for the
purpose of example and the invention may be practiced
according to the claims without some or all of these specific
details. For the purpose of clarity, technical material that is
known in the technical fields related to the invention has not
been described in detail so that the invention is not unneces-
sarily obscured.

A system for generating colored light is disclosed. Light is
generated using additive color mixing of multiple illuminant
types. The system for generating colored light comprises a set
of illuminant types and a processor. The set of illuminant
types comprises at least four illuminant types that are each
associated with a chromaticity gamut and an illuminant type
hue angle. The processor is configured to determine, based at
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least in part on a mapping, an output level set that uses a set of
hue-adjacent illuminant types. Hue-adjacent illuminant types
comprise a group of illuminant types that are determined to be
adjacent in a circular ordered list of illuminant types which is
circularly ordered according to the illuminant type hue angle.

In various embodiments, light is generated to achieve a
selected color through additive color mixing of four or more
illuminant types where one or more of the following are
targeted: all transitions between colors are accomplished
without sudden illuminant changes, the generated metamers
are optimized for a selected criterion (e.g., brightness or color
rendering, etc.), the metamer precisely matches the desired
color, where the required computations are practicable using
minimal computational resources, and/or any other appropri-
ate criteria are targeted.

Optimized color generation using multiple illuminant
types is disclosed. Color generation is applicable both to
luminaires and to display devices capable of providing infor-
mation. It is convenient to divide color as a property of visual
perception into separate qualities of intensity and chromatic-
ity, and further to associate the qualities of hue and saturation
with chromaticity. Four or more different illuminant types are
determined, each associated with one or more illuminants
having emitted light that is optically combined to form an
aggregate generated color. Illuminants of each type have a
specified aggregate chromaticity and radiant intensity and are
controllable as to intensity by means of a drive level that
ranges from off (zero, or 0%) to full (1.0, or 100%). The
illuminants collectively have a gamut representing every pos-
sible chromaticity that can arise from mixing the illuminants
in various proportions.

The proportions of each illuminant type necessary to gen-
erate a desired color can be determined by computing a map-
ping in whole or in part, where the mapping associates with
each chromaticity in the gamut a drive level set having one
drive level for each illuminant type. The mapping can be
visualized as a set of three-dimensional surfaces sharing a
common Xy plane containing every chromaticity in the
gamut, where the z-axis value of each surface specifies the
drive level necessary for its illuminant type to achieve the
chromaticity at each xy chromaticity point. The set of three-
dimensional surfaces can be constructed for N illuminant
types by first creating a circular order of the illuminant types
according to their hue angle, then recording the chromaticity
coordinate resulting from the combination of all illuminant
types at full intensity, then recording the N chromaticity coor-
dinates resulting from each combination of illuminant types
having N-1 illuminant types at full intensity and the remain-
ing illuminant type at zero intensity, then recording the N
chromaticity coordinates resulting from each combination of
illuminant types having N-2 illuminant types at full intensity
with the remaining illuminant types at zero intensity where all
full intensity illuminant types are adjacent in the circular
order and all zero intensity illuminant types are adjacent in the
circular order, and then repeating similarly to this N-2 step
iteratively for N-3 etc. until only one of the N illuminant
types is at full intensity for each of the N recorded chroma-
ticity coordinates. When each chromaticity coordinate is
recorded the corresponding intensity of each illuminant type
is likewise recorded with it. The z-axis values of the three-
dimensional surfaces can be computed from a desired chro-
maticity coordinate C in the Xy plane by determining the three
closest recorded chromaticity coordinates to C that form a
triangle enclosing C but not enclosing any other recorded
chromaticity coordinate, then using the position of C within
the triangle to interpolate the intensity of each illuminant type
at the recorded chromaticity coordinates forming the vertices
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of the triangle using barycentric interpolation or similar
means. A desired color can be generated by determining the
z-axis value for the three-dimensional surface corresponding
to each illuminant type, combining these values into a drive
level set, and causing illuminant intensity to change accord-
ing to the corresponding levels in the drive level set. Intensity
can be changed without affecting chromaticity by multiply-
ing all drive levels by a common factor without changing their
proportion.

When one or more illuminant types have a chromaticity
coordinate within the convex hull formed by the chromaticity
coordinates of the other illuminant types then the former are
relatively desaturated illuminant types and do not contribute
to the collective gamut, though they are capable of adding
brightness to a subset of the gamut. When a desaturated
illuminant type is present the previously described three
dimensional surfaces are constructed such that the desatu-
rated illuminant type does not contribute to N and is not part
of the circular order, and the recorded chromaticity coordi-
nates for every combination of illuminant types includes the
desaturated illuminant type at full intensity except for the
combinations of illuminant types having, excluding the
desaturated illuminant type, exactly one or two illuminant
types at full intensity in which case the desaturated illuminant
type is at zero intensity. Thus illuminant type combinations
include the desaturated illuminant type unless this inclusion
would reduce the gamut.

Digital commands from an external command source
specify desired light source color. Necessary proportions of
each illuminant type are calculated such that any changes to
desired color are accomplished smoothly. Calculated illumi-
nant proportions for a metamer of a desired color can be
optimized for luminous or radiant intensity, CRI (Color Ren-
dering Index), luminous efficacy, lighting efficiency, etc.
Spectral adjustments can limit intensity of each illuminant
while maintaining constant color, allowing selection of
metamers with varying spectral power distribution. A calcu-
lated color of illuminant type proportions closely matches a
desired color both computationally and visually. The calcu-
lation is reversible from illuminant type proportions to
desired color with high accuracy. A desired color can be
specified as chromaticity coordinates in a color space using
any customary standards including without limitation: CIE
XYZ (Commission Internationale de I’Eclairage, Interna-
tional Commission on Illumination, CIE 1931 XYZ color
space), xyY (X,y-luminanceY), CIE LUV (CIE 1976, L*,u*,
v¥), CIE LAB (CIE 1976, L*, a*, b*), RGB (Red-Green-
Blue), sSRGB (Standard RGB), HSV (Hue-Saturation-Value),
CMYK (Cyan-Magenta-Yellow-Black), YCbCr (luminance
Y-Chroma Blue-Chroma Red), xvYCC (eXtended YCbCr
colorimetry for Video applications), device native, etc. A
desired color can be derived from a spectral power distribu-
tion, a sensor to match existing light or object surface colors,
a list of predetermined colors, a color temperature, etc. Color
gamut can be mapped to polygonal, round, or other shape.
Out of gamut colors can be mapped to illuminant gamut.
Desired colors can be desaturated to increase brightness with-
out materially changing apparent color. Desaturated booster
illuminants can be used to add brightness to a subset of the
gamut without changing color. [lluminants capable of chang-
ing color by electronic control can be utilized. A display of
color and luminous or radiant flux capabilities of illuminants
can provide a visual display of illuminant capabilities. Auto-
matic level adjustment can maintain constant or reduced-
variation flux output between color changes. Color accuracy
can be maintained through calibration using a feedback sen-
sor measuring illuminant radiometric or photometric or chro-
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matic attributes, or extrapolating illuminant characteristics
using time, temperature, or any combination. Color genera-
tion status including luminous efficacy of desired color, radi-
ant flux, luminous flux, conformance to gamut, etc. can be
reported to command source.

FIG. 1A is a table illustrating an embodiment of eight
representative illuminant types. The illuminant types of FI1G.
1A are used for the examples/embodiments illustrated in
subsequent figures and/or other examples. In various embodi-
ments, any other illuminant types or number of illuminant
types are used for the examples/embodiments illustrated in
subsequent figures and/or other examples. In the example
shown, the values in the table were generated by measuring
the emissions of arrays of Philips Lumileds Luxeon®-I LEDs
using a StellarNet Model EPP2000C concave grating spec-
trometer. The measured spectral power distribution for each
illuminant type was integrated to determine the radiant inten-
sity, after which each spectral curve was normalized to a unit
area of 1.0 and summed through the CIE 1931 2° standard
observer color matching functions to yield the tristimulus
values X, Y, and Z using the customary formulae:

X = Z o35 700)

A

Y =3 HOF)
A

Z= 1)
A

where I(A) is the normalized spectral power at each wave-
length and X,y,z are the CIE color matching functions in
tabular form. Chromaticity coordinates are calculated from

XYZ tristimulus values using the customary formulae:

X

YT Xrvez
Y

Y Xiv+z

Aggregate XYZ tristimulus values for a combination of n
illuminants are calculated by adding the normalized tristimu-
lus values XYZ of the constituent illuminant types weighted
by their radiant intensity I according to the following formu-
lae:

Luminous intensity I, can be calculated from radiant inten-
sity [ using the Y tristimulus value calculated previously. For
purposes of color mixing intensity values need not be cali-
brated to standard units since only their relative proportions
are important. The lighting art utilizes a plethora of related
units depending upon whether the light is being measured
upon emission from a source, on reflection from objects, as an
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angular quantity, weighted by human perception, etc. For
purposes of color mixing it is sufficient to characterize illu-
minants according to radiometric units, which are indepen-
dent of human perception. For example, illuminant output can
be characterized by radiant flux, radiant intensity, or radiance,
as long as the measurements are made consistently. The result
of'color mixing is best described in terms of photometric units
such as luminous flux, luminous intensity, or luminance. For
clarity, the term “intensity” is used herein to describe optical
output as a radiometric quantity, both for purposes of charac-
terizing an illuminant or describing control of'its output level.
The terms “brightness” and “luminous intensity” are used
herein interchangeably to describe optical output as a photo-
metric quantity, weighted by human perception. Consistently
substituting related units does not affect disclosed color mix-
ing. In various embodiments, any appropriate units and/or
terms are used to describe (e.g., indicate) and/or determine
color mixing using multiple illuminant types.

In various embodiments, one or more of the following
different instruments and techniques are used to characterize
illuminant types: a spectrograph, a spectroscope, a spectrom-
eter, an optical spectrum analyzer, a radiometer, a photom-
eter, and/or any other appropriate instrument of photometry
and radiometry. In some embodiments, the illuminant type
characterization is derived from manufacturer data sheets.
Although this disclosure uses the CIE 1931 color space for
consistency in its illustrations and examples, it should be
noted that any other methods of predicting color mixtures
could be used, including without limitation those with a dif-
ferent color space, observer model, or color matching func-
tions. In some embodiments, the observer model corresponds
to the capabilities of cameras or other optical equipment.

FIG.1Bis a graphillustrating an embodiment of illuminant
relative intensity. In the example shown, illuminant relative
intensity is graphed on vertical axis 150 versus visible wave-
lengths on horizontal axis 152. Seven non-white illuminant
types (e.g., the illuminant types of table 1A) are plotted as red
160, red orange 162, amber 164, green 166, cyan 168, blue
170, and indigo 172. Each illuminant plot is normalized to
have aunit area of 1.0 so bandwidth and dominant wavelength
can be compared but total intensity cannot.

FIG. 2A is a plot illustrating an embodiment of the CIE
1931 xy chromaticity diagram showing illuminant hue angle.
Inthe example shown, the chromaticity diagram has horizon-
tal axis 200 corresponding to X, vertical axis 202 correspond-
ing to y, and human color gamut boundary shown by closed
curve 204. Seven non-white illuminant types (e.g., the illu-
minant types of table 1A) are plotted by chromaticity as red
210, red orange 212, amber 214, green 216, cyan 218, blue
220, and indigo 222. Hue angles for each illuminant are
shown using dashed lines radiating from center point 230.
Hue angle ordering is circular, so for example red 210 is
adjacent to red orange 212 and also adjacent to indigo 222.
Although center point 230 is shown at the CIE equal energy
point E with coordinates (0.3333, 0.3333), hue angle circular
order can be equivalently determined with respect to any
point inside the gamut. [lluminant saturation is proportional
to its distance from center point 230, with a maximum satu-
ration of 100% for points on boundary 204.

FIG. 2B is a plot illustrating an embodiment of the CIE
1931 xy chromaticity diagram showing an illuminant gamut.
In the example shown, the chromaticity diagram has human
color gamut boundary shown by closed curve 250. Seven
non-white illuminant types (e.g., illuminant types of table
1A) are plotted by chromaticity as vertices of convex polygon
252 illustrating the gamut of the illuminants with the achiev-
able additive mixing range shown by hatched area 254.
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FIG. 3 is a plot illustrating an embodiment of the CIE 1931
xy chromaticity diagram showing triangular decomposition.
In the example shown, the chromaticity diagram has human
color gamut boundary shown by closed curve 300. Seven
non-white illuminant types (e.g., illuminant types of table
1A) are plotted by chromaticity as black dots. Point 302 is an
example chromaticity within the illuminant gamut. Triangles
304 illustrate all possible combinations of three illuminants
with chromaticity coordinates enclosing point 302 and thus
capable of mixing to generate that chromaticity. Methods for
calculating the necessary proportions of three illuminants to
generate a desired color are well known. While only one
combination of three illuminants is sufficient to generate the
chromaticity of point 302, this three illuminant combination
is not as bright as using more of the available illuminants. A
prior art method, referred to herein as triangular decomposi-
tion, makes use of more illuminants by forming a list of
enclosing triangles such as those of 304, each of which
enforces a proportion among its three illuminants. The pro-
portions for all triangles are summed and normalized so that
the brightest illuminant is at full intensity. The proportions
thus computed are virtually never the brightest however, so a
weighting needs to be applied to each component triangle
with optimal values for this weighting vector being deter-
mined using linear programming or similar techniques. The
large search space and presence of numerous local minima
and maxima make determining the optimal weighting vector
a challenging computational task. It is not certain that a
weighting vector exists that generates the optimal combina-
tion of illuminants. Also, even extremely small changes in
chromaticity can cross over a triangle boundary. This causes
the list of enclosing triangles to change along with the com-
puted illuminant proportions, usually resulting in a visual
artifact out of proportion with the small chromaticity change.

FIG. 4A is a plot of color mixing by triangular decompo-
sition illustrating an embodiment of a calculated total illumi-
nant brightness. In the example shown, the total illuminant
brightness is displayed as a surface along vertical axis 404 as
a function of chromaticity on horizontal plane described by
x-axis 400 and y-axis 402. Three-dimensional surface 406
was computed at chromaticity coordinates on a rectangular
grid at 0.01 intervals. Surface discontinuities 408 and 410
illustrate some of the shortcomings of this technique. Color
changes in the neighborhood of these discontinuities result in
visual artifacts.

FIG. 4B is a plot illustrating an embodiment of color mix-
ing. In the example shown, a calculated total illuminant
brightness is displayed as a surface along vertical axis 454 as
a function of chromaticity on horizontal plane described by
x-axis 450 and y-axis 452. Three-dimensional surface 456
was computed at chromaticity coordinates on a rectangular
grid at 0.01 intervals. Examination of the data reveals that the
surface in the vicinity of 458 is a gentle concavity, where the
apparent discontinuity is an artifact of the 3D projection of the
plot. The shape of surface 456 demonstrates that maximum
attainable brightness of generated color varies over a large
range according to chromaticity, with lowest brightness at the
gamut perimeter and highest at a peak generally towards the
center depending upon available illuminant types. Because
every set of illuminants has an associated optimal brightness
for each chromaticity similar to surface 456, when separate
intensity control of each illuminant type is available, it is
possible to determine whether a particular color generation
method is employed in a device. For example, this is achieved
by using a spectrometer or similar instrument to measure a
chromaticity and intensity of each illuminant type separately.
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The measurement information is then used to construct an
optimal surface similar to 456. For every color generated, a
comparison of the actual illuminant mixture brightness is
made to the optimal surface. If the deviation is minimal then
the disclosed methods are employed. In some cases the device
may be “detuned” to obscure its processes, but after generat-
ing many colors a device-specific surface will emerge that is
useful for comparison with the optimal surface.

FIG. 5 is aplot illustrating an embodiment of the CIE 1931
xy chromaticity diagram showing a restricted gamut. In the
example shown, various methods for improving brightness
and color consistency are depicted. The chromaticity diagram
has human color gamut boundary shown by closed curve 500.
Seven non-white illuminant types (e.g., illuminant types of
table 1A) are plotted by chromaticity as vertices of dashed
convex polygon 502 illustrating a gamut of the illuminants.
Representative amber illuminant 504 is connected by line 508
to white point 506, showing the approximate line of desatu-
ration, where a point on line 508 at 504 is maximally saturated
and a point on line 508 at 506 is minimally saturated. Because
human color perception is generally less sensitive to satura-
tion than hue or brightness, it is sometimes useful to trade
reduced saturation for the benefit of increased brightness,
thus creating a reduced gamut. Convex polygon 510 is drawn
with vertices corresponding to each illuminant type being
approximately 90% saturated. As can be seen in FIG. 4B, the
steepness of the surface ensures a reduced gamut results in
greater minimum brightness. Additionally, the peak of FIG.
4B can be clipped to a maximum brightness by scaling the
intensity of all illuminant types proportionally when total
brightness exceeds a predetermined limit. A combination of
desaturation and brightness limitation provide a substantially
more constant brightness among color changes.

In some embodiments, desaturation for brightness control
is non-uniform among hues, allowing varying degrees of
saturation, so that brighter illuminant types provide more
saturation of their associated hues. For example, polygon 510
has vertex 512, which is saturated approximately 70% instead
of vertex 514, which is saturated at approximately 90%. In
some embodiments, white point 506 is operator selectable to
permit control over the reference point for desaturation per-
centages. For example, a white point may be chosen by a
visual designer to correspond to a particular color tempera-
ture, such as the color temperature of existing incandescent
luminaires. In some embodiments, a closed curve of constant
brightness for the surface of FIG. 4B is used to project a
reduced gamut. In some embodiments, brightness control
parameters (e.g. degree of saturation, white point, etc.) are
adjustable, chosen variously by a control panel, switch,
received command, stored configuration option, configura-
tion Ul, etc. where the degree can range from no gamut
reduction to effectively a single color. In some embodiments,
an indication is sent to a command source when desired
chromaticity exceeds the gamut. In some embodiments,
brightness limitation is accomplished by reducing intensity
by a percentage proportional to the maximum brightness for
each chromaticity, such that brighter colors are more reduced.
In some embodiments, brightness limitation is inversely pro-
portional to radial distance from the peak brightness chroma-
ticity of FIG. 4B, such that brightness at the peak is reduced
by a larger percentage than brightness at the perimeter. In
some embodiments a smooth brightness control surface is
constructed, which has at every chromaticity a brightness no
greater than the maximum brightness surface of FIG. 4B; the
control surface is used to control maximum brightness at each
chromaticity.
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Because intensity and chromaticity characteristics of many
real-world illuminants change with time, temperature, and
usage patterns, and also vary among different manufacturer
lots, the gamut of the illuminants can likewise change with
time and differ among devices intended to be identical. It is
therefore useful for some applications to restrict the gamut to
provide accommodation for differences and thus obtain
increased color consistency. Based upon an estimation of
likely future drift, the gamut can be artificially restricted such
that an illuminant is not called upon to operate solely as a
single type. Desired colors are desaturated to meet this
restricted gamut. When an illuminant is stronger or more
saturated (e.g. having a narrower bandwidth) than expected
then the gamut boundary is achievable by mixing the illumi-
nant with other types. When an illuminant is weaker or less
saturated than expected then less of the other illuminant types
is required. Ideally the restricted gamutis so chosen that if the
attainable gamut contracts into the restricted gamut, the
device has already seen enough service to be considered
replaceable.

In some embodiments, the restricted gamut enabling color
consistency is standardized for a luminaire product line. In
some embodiments, the restricted gamut is standardized for a
luminaire model. In some embodiments, the restricted gamut
can be reported to a command source. In some embodiments,
the restricted gamut conforms to an industry standard. In
some embodiments, the restricted gamut can be disabled or
adjusted, chosen variously by a control panel, switch,
received command, stored configuration option, configura-
tion U, etc.

It is common practice when operating color-changing
luminaires with four or more illuminant types to assign one
lever of a lighting control panel to each illuminant type
whereby each lever adjusts its illuminant drive level in arange
from zero to full intensity. This control layout allows any
possible color or metamer to be generated but provides a
challenge to human operators because the relationship
between control positions and resulting colors is anything but
intuitive. For seven illuminant types the seven control levers
effectively form a seven-dimensional hypercube, the proper
navigation of which is necessary to reach a desired color. This
disclosure introduces the general principle that the brightest
metamers are composed of illuminant types having adjacent
hue angles, and therefore not every degree of freedom in the
seven-dimensional hypercube is required. Further, at least
one illuminant type should be at full intensity when the
brightest metamer is desired. Therefore selection is restricted
to the much simpler set of metamers where illuminant type
combinations comprise those adjacent in the hue angle order,
and at least one illuminant type is at full intensity. When less
than maximum intensity is required then all illuminant type
drive levels can be scaled proportionally without affecting the
chromaticity. Examples of this simplified control for N illu-
minant types from two through seven are described, though
any larger number of illuminant types can be accommodated
by appropriate application of this method.

FIG. 6 is a graph illustrating an embodiment of a method of
obtaining all possible proportions of two arbitrary illuminant
types. In the example shown, all proportions of illuminant IT,
and illuminant IL., are shown in traversing the horizontal axis
from position 600 to position 604. Beginning at position 600,
1L, drive level 606 is zero and increasing while 1L, drive level
608 is full and constant. Moving horizontally from position
600 to midpoint position 602, IL., drive level 606 rises to full
while 1L, drive level 608 remains full. Continuing horizon-
tally from midpoint position 602 to final position 604, IL,,
drive level 606 remains full while IL,, drive level 608 drops to
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zero. The output intensity resulting from these combinations
of IL, and IL, is shown by curve 610, which starts with
intensity 612 at position 600 equivalent to the full I, inten-
sity since 1L, is zero there, then rises to peak intensity 614 at
position 602 equivalent to the sum of the full IL, and IL,
intensities, then falls to level 616 at position 604 equivalent to
the full IL, intensity since I, is zero there.

Each point between positions 600 and 604 corresponds to
one possible proportion of the two illuminants, and every
proportion of illuminants corresponds to one point between
positions 600 and 604. A desired color is specified by select-
ing a point between positions 600 and 604 determining cor-
responding output levels for IL, and IL,. Because drive level
curves 606 and 608 are mathematically continuous, output
intensity 610 is also mathematically continuous and therefore
changes to the desired color do not generate visual artifacts.
Output intensity can be adjusted without affecting chroma-
ticity by scaling both illuminant type drive levels together
without changing their relative proportions.

FIG. 7A is a diagram illustrating an embodiment of a
method of obtaining all possible proportions of three arbitrary
illuminant types IL,, IL,, and IL,. In the example shown, a
two-dimensional color-space-independent triangular control
surface is depicted. Triangle 700 encloses all possible illumi-
nant type proportions where at least one illuminant type has
full intensity, thus having rank 1. Similarly, triangle 702
encloses the portion of triangle 700 where at least two illu-
minant types have full intensity, thus having rank 2. Each
vertex corresponds to a combination of illuminants. Vertex
711 corresponds to illuminant 1L, at full, vertex 712 corre-
sponds to illuminant IL, at full, and vertex 713 corresponds to
illuminant IL, at full. For triangle 702, vertex 714 corre-
sponds to having both I, and IL, at full, vertex 715 corre-
sponds to having both IL, and IL, at full, and vertex 716
corresponds to having both IL, and IL, at full. Point 717
corresponds to having all three illuminants at full, thus having
rank 3. Each vertex comprises the illuminant types of its
neighbors having fewer illuminant types. For example vertex
714 corresponds to the illuminants of the neighboring verti-
ces 711 and 712.

Each point enclosed by triangle 700 corresponds to one
possible proportion of the three illuminants, and every pro-
portion of illuminants corresponds to one point enclosed by
triangle 700. To calculate the illuminant proportions corre-
sponding to a desired point, the drive levels associated with
neighboring vertices is interpolated to according to the posi-
tion of the desired point. There are numerous well-known
techniques for performing this tessellation and interpolation.
In some embodiments, Delaunay triangulation is used. In
some embodiments, barycentric interpolation is used. In
some embodiments, Lagrange polynomial interpolation is
used. Because vertices correspond to illuminant drive level
extrema, interpolation is mathematically continuous, avoid-
ing visual artifacts from desired color changes. Output inten-
sity is able to be adjusted without affecting chromaticity by
scaling all illuminant type drive levels together without
changing their relative proportions.

The layout of the triangles and the coordinates of their
vertices are not critical. In some embodiments, the origin of
the plane corresponds to the center of triangle 700. In some
embodiments, all coordinates are represented by positive
numbers. In some embodiments, coordinates are skewed to
match a predetermined color space. In some embodiments,
coordinates are skewed to match illuminant type characteris-
tics. In some embodiments, coordinates are skewed to match
external command source characteristics.
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FIG. 7B is a diagram illustrating an embodiment of one
possible tessellation of the two-dimensional triangular con-
trol surface. Hatched triangle 740 is a representative tessella-
tion element, and illuminant drive levels associated with ver-
tices 711, 716, and 717 participate in the interpolation for any
point in triangle 740. In this example, IL, drive level is full for
all three vertices so its interpolated value remains trivially at
full. I, drive level is full only for vertex 717, so the drive
level will vary for points in triangle 740 from zero at the line
connecting vertices 711 and 716, to full at vertex 717. 1L,
drive level is zero only at vertex 711, so it will likewise vary
in triangle 740 up to full at the line that connects vertices 716
and 717.

FIG. 7C is a table illustrating an embodiment of detailed
information for each vertex in FIGS. 7A and 7B. In the
example shown, the rank is the number of illuminant types
associated with each vertex. The three Drive columns identify
which illuminant types are associated with each vertex. And,
the Bitmap column describes a numerical value useful for
encoding the information of the other columns for computa-
tional purposes.

FIG. 8A is a diagram illustrating an embodiment plotting a
portion of atwo-dimensional triangular control surface. Inthe
example shown, the two dimensional triangular control sur-
face corresponds to the triangle of FIG. 7A, where the illu-
minant type associated with vertex 800 has a drive level at full
within hatched area 802. It can readily be seen that this
portion represents %3 of the control surface area, and thus one
illuminant is always at full anywhere in the control surface.

FIG. 8B is a diagram illustrating an embodiment plotting
the drive level of the illuminant type associated with vertex
800 in the two-dimensional triangular control surface of FIG.
7A, in perspective as a vertical dimension above the horizon-
tal plane. In the example shown, full drive level portion 802 of
FIG. 8A is seen in perspective as the highest area in the plot.
For clarity only one surface is shown, but there would actually
be one for each illuminant type. In some embodiments, the
slope down from the highest area of the plot is linear as
shown. In some embodiments, the slope down from the high-
est area of the plot is curved to provide additional control
resolution at low illuminant drive levels, where small drive
level changes have greater effect on aggregate chromaticity
than at high illuminant drive levels. In some embodiments,
the curved slope is proportional to d” where d is the depicted
linear drive level and n is greater than one.

FIG. 9A is a diagram illustrating an embodiment of a
method of obtaining all possible proportions of four arbitrary
illuminant types 1L, IL,, IL,, and IL; that are required for
color mixing. In the example shown, a two-dimensional
color-space-independent rectangular control surface is
depicted. Rectangle 900 encloses all illuminant type propor-
tions where at least one illuminant type has full intensity, thus
having rank 1. Similarly, rectangle 902 encloses the portion of
rectangle 900 where at least two illuminant types have full
intensity, thus having rank 2. Rectangle 904 encloses the
portion of rectangle 902 where at least three illuminant types
have full intensity, thus having rank 3. Each vertex corre-
sponds to a combination of illuminants. Vertex 911 corre-
sponds to illuminant IT, at full, vertex 912 corresponds to
illuminant IL, at full, vertex 913 corresponds to illuminant
IL, at full, and vertex 914 corresponds to illuminant IL at
full. For rectangle 902, vertex 915 corresponds to having both
1L, and IL, at full, vertex 916 corresponds to having both IL,
and IL, at full, etc. For rectangle 904, vertex 919 corresponds
to having IL,, 1L, and IL, at full; vertex 920 corresponds to
having IL. |, IL,, and IL; at full; etc. Point 923 corresponds to
having all four illuminants at full, thus having rank 4. Each
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vertex comprises the illuminant types of its neighbors having
fewer illuminant types. For example vertex 915 corresponds
to the illuminants of the neighboring vertices 911 and 912.

Each point enclosed by rectangle 900 corresponds to one
possible proportion of the four illuminants, and every propor-
tion of adjacent illuminants corresponds to one point
enclosed by rectangle 900. To calculate the illuminant pro-
portions corresponding to a desired point, the drive levels
associated with neighboring vertices can be interpolated to
according to the position of the desired point. There are
numerous well-known techniques for performing this tessel-
lation and interpolation. In some embodiments, Delaunay
triangulation is used. In some embodiments, barycentric
interpolation is used. In some embodiments, Lagrange poly-
nomial interpolation is used. Because vertices correspond to
illuminant drive level extrema, interpolation can be made
mathematically continuous, avoiding visual artifacts from
desired color changes. Optimized brightness is attained by
restricting illuminant type combinations to adjacent illumi-
nant types in hue angle order. Output intensity is able to be
adjusted without affecting chromaticity by scaling all illumi-
nant type drive levels together without changing their relative
proportions.

The layout of the rectangles and the coordinates of their
vertices are not critical. In some embodiments, the origin of
the plane corresponds to the center of rectangle 900. In some
embodiments, all coordinates are represented by positive
numbers. In some embodiments, coordinates are skewed to
match a predetermined color space. In some embodiments,
coordinates are skewed to match illuminant type characteris-
tics. In some embodiments, coordinates are skewed to match
external command source characteristics.

FIG. 9B is a diagram illustrating an embodiment of one
possible tessellation of the two-dimensional rectangular con-
trol surface. In the example shown, hatched triangle 940 is a
representative tessellation element, and illuminant drive lev-
els associated with vertices 911, 918, and 922 will participate
in the interpolation for any point in triangle 940. In this
example I, drive level is full only for vertex 911, so the drive
level varies linearly from zero at the line joining vertices 918
and 922, to full at vertex 911. IL,; drive level is full only for
vertex 922, so the drive level varies linearly for points in
triangle 940 from zero at the line connecting vertices 911 and
918, to full at vertex 922. L, drive level is zero for all three
vertices so its interpolated value remains trivially zero. 115
drive level is zero only at vertex 911, so it likewise varies
linearly in triangle 940 up to full at the line that connects
vertices 918 and 922.

FIG. 9C is a table illustrating an embodiment of detailed
information for each vertex in FIGS. 9A and 9B. In the
example shown, rank is the number of illuminant types asso-
ciated with each vertex; the four Drive columns identify
which illuminant types are associated with each vertex; and
Bitmap describes a numerical value useful for encoding the
information of the other columns for computational purposes.

FIG. 10A is a diagram illustrating an embodiment plotting
a portion of the two-dimensional rectangular control surface
of FIG. 9A. In the example shown, the illuminant type asso-
ciated with vertex 1000 has a drive level at full in hatched area
1002, and at zero in hatched area 1004. A rotation of hatched
area 1002 for each of the four illuminants will cover the entire
rectangular control surface, and thus at least one illuminant is
always at full anywhere in the control surface.

FIG. 10B is a diagram illustrating an embodiment plotting
the drive level of the illuminant type associated with vertex
1000 in the two-dimensional rectangular control surface of
FIG. 9A, in perspective as a vertical dimension above the
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horizontal plane. In the example shown, full drive level por-
tion 1002 and zero drive level portion 1004 of FIG. 10A are
seen in perspective as the highest and lowest areas of the plot,
respectively. For clarity only one surface is shown, but there
would actually be one for each illuminant type. In some
embodiments, the slope down from the highest area of the plot
is linear as shown. In some embodiments, the slope down
from the highest area of the plot is curved to provide addi-
tional control resolution at low illuminant drive levels, where
small drive level changes have greater effect on aggregate
chromaticity than at high illuminant drive levels. In some
embodiments, the curved slope is proportional to d” where d
is the depicted linear drive level and n is greater than one.

FIG. 11A is a diagram illustrating an embodiment of a
two-dimensional color-space-independent pentagonal con-
trol surface useful for obtaining all possible proportions of
five arbitrary illuminant types that are required for color
mixing. In the example shown, two-dimensional pentagonal
control surface 1100 encloses all illuminant type proportions
where at least one illuminant type has full intensity, thus
having rank 1. Pentagon 1101 encloses the portion of penta-
gon 1100 where at least two illuminant types have full inten-
sity, thus having rank 2. Pentagon 1102 encloses the portion
of pentagon 1101 where at least three illuminant types have
full intensity, thus having rank 3. Pentagon 1103 encloses the
portion of pentagon 1102 where at least four illuminant types
have full intensity, thus having rank 4. Point 1104 corre-
sponds to having all five illuminants at full intensity, thus
having rank 5. Vertices of each nested pentagon are shown as
black dots corresponding to a combination of illuminants.
Each vertex comprises the illuminant types of its neighbors
having fewer illuminant types.

Each point enclosed by pentagon 1100 corresponds to one
possible proportion of the five illuminants, and every propor-
tion of adjacent illuminants corresponds to one point
enclosed by pentagon 1100. To calculate the illuminant pro-
portions corresponding to a desired point, the drive levels
associated with neighboring vertices are interpolated to
according to the position of the desired point. There are
numerous well-known techniques for performing this tessel-
lation and interpolation. In some embodiments, Delaunay
triangulation is used. In some embodiments, barycentric
interpolation is used. In some embodiments, Lagrange poly-
nomial interpolation is used. Because vertices correspond to
illuminant drive level extrema, interpolation is made math-
ematically continuous, avoiding visual artifacts from desired
color changes. Optimized brightness is attained by restricting
illuminant type combinations to adjacent illuminant types in
hue angle order. Output intensity is able to be adjusted with-
out affecting chromaticity by scaling all illuminant type drive
levels together without changing their relative proportions.

The layout of the pentagons and the coordinates of their
vertices are not critical. In some embodiments, the origin of
the plane corresponds to the center of pentagon 1100. In some
embodiments all coordinates are represented by positive
numbers. In some embodiments, coordinates are skewed to
match a predetermined color space. In some embodiments,
coordinates are skewed to match illuminant type characteris-
tics. In some embodiments, coordinates are skewed to match
external command source characteristics.

FIG. 11B is a diagram illustrating an embodiment of one
possible tessellation of the two-dimensional pentagonal con-
trol surface. In some embodiments, the vertices forming the
triangles are identical to the vertices of FIG. 11A.

FIG. 11C is a diagram illustrating an embodiment plotting
a portion of the two-dimensional pentagonal control surface
of FIG. 11A. In the example shown, an illuminant type has a
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drive level at full in hatched area 1160, and at zero in hatched
area 1162. A rotation of hatched area 1160 for each of the five
illuminants covers the entire pentagonal control surface, and
thus at least one illuminant is always at full anywhere in the
control surface.

FIG. 11D is a diagram illustrating an embodiment plotting
the drive level of one illuminant type in the two-dimensional
pentagonal control surface of FIG. 11A, in perspective as a
vertical dimension above the horizontal plane. In the example
shown, full drive level portion 1160 and zero drive level
portion 1162 of FIG. 11C are seen in perspective as the
highest and lowest areas of the plot, respectively. For clarity
only one surface is shown, but there is actually one for each
illuminant type. In some embodiments, the slope down from
the highest area of the plot is linear as shown. In some
embodiments, the slope down from the highest area of the plot
is curved to provide additional control resolution at low illu-
minant drive levels, where small drive level changes have
greater effect on aggregate chromaticity than at high illumi-
nant drive levels. In some embodiments, the curved slope is
proportional to d” where d is the depicted linear drive level
and n is greater than one.

FIG. 12A is a diagram illustrating an embodiment of a
two-dimensional color-space-independent hexagonal control
surface useful for obtaining all possible proportions of six
arbitrary illuminant types that are required for color mixing.
In the example shown, nested polygons are associated with
increasing numbers of illuminant types from perimeter rank 1
to center rank 6. Vertices of each nested pentagon are shown
as black dots corresponding to a combination of illuminants.
Each vertex comprises the illuminant types of its neighbors
having fewer illuminant types.

Each point in the hexagon corresponds to one possible
proportion of the six illuminants, and every proportion of
adjacent illuminants corresponds to one point in the hexagon.
To calculate the illuminant proportions corresponding to a
desired point, the drive levels associated with neighboring
vertices are interpolated to according to the position of the
desired point. There are numerous well-known techniques for
performing this tessellation and interpolation. In some
embodiments, Delaunay triangulation is used. In some
embodiments, barycentric interpolation is used. In some
embodiments, Lagrange polynomial interpolation is used.
Because vertices correspond to illuminant drive level
extrema, interpolation is made mathematically continuous,
avoiding visual artifacts from desired color changes. Opti-
mized brightness is attained by restricting illuminant type
combinations to adjacent illuminant types in hue angle order.
Output intensity is able to be adjusted without affecting chro-
maticity by scaling all illuminant type drive levels together
without changing their relative proportions.

The layout of the hexagons and the coordinates of their
vertices are not critical. In some embodiments, the origin of
the plane corresponds to the center of figure. In some embodi-
ments, all coordinates are represented by positive numbers. In
some embodiments, coordinates are skewed to match a pre-
determined color space. In some embodiments, coordinates
are skewed to match illuminant type characteristics. In some
embodiments, coordinates are skewed to match external com-
mand source characteristics.

FIG. 12B is a diagram illustrating an embodiment of one
possible tessellation of the two-dimensional hexagonal con-
trol surface. In some embodiments, the vertices forming the
triangles are identical to the vertices of FIG. 12A.

FIG. 12C is a diagram illustrating an embodiment plotting
a portion of the two-dimensional hexagonal control surface of
FIG. 12A. In the example shown, an illuminant type has a
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drive level at full in hatched area 1260 and at zero in hatched
area 1262. A rotation of hatched area 1260 for each of the six
illuminants covers the entire hexagonal control surface, and
thus at least one illuminant is always at full anywhere in the
control surface.

FIG. 12D is a diagram illustrating an embodiment plotting
the drive level of one illuminant type in the two-dimensional
hexagonal control surface of FIG. 12A, in perspective as a
vertical dimension above the horizontal plane. In the example
shown, full drive level portion 1260 and zero drive level
portion 1262 of FIG. 12C are secen in perspective as the
highest and lowest areas of the plot, respectively. For clarity
only one surface is shown, but there is actually one for each
illuminant type. In some embodiments, the slope down from
the highest area of the plot is linear as shown. In some
embodiments, the slope down from the highest area of the plot
is curved to provide additional control resolution at low illu-
minant drive levels, where small drive level changes have
greater effect on aggregate chromaticity than at high illumi-
nant drive levels. In some embodiments, the curved slope is
proportional to d” where d is the depicted linear drive level
and n is greater than one.

FIG. 13A is a diagram illustrating an embodiment of a
two-dimensional color-space-independent heptagonal con-
trol surface useful for obtaining all possible proportions of
seven arbitrary illuminant types that are required for color
mixing. In the example shown, nested polygons are associ-
ated with increasing numbers of illuminant types from perim-
eter rank 1 to center rank 7. Vertices of each nested pentagon
are shown as black dots corresponding to a combination of
illuminants. Each vertex comprises the illuminant types of its
neighbors having fewer illuminant types. Each point in the
heptagon corresponds to one possible proportion of the seven
illuminants, and every proportion of adjacent illuminants cor-
responds to one point in the heptagon. Although this control
surface applies to seven illuminants, it should be readily
apparent that any finite number of illuminants is accommo-
dated by increasing the number of vertices in each polygon
and increasing the number of nested polygonal ranks.

To calculate the illuminant proportions corresponding to a
desired point, the drive levels associated with neighboring
vertices can be interpolated to according to the position of the
desired point. There are numerous well-known techniques for
performing this interpolation. In some embodiments,
Delaunay triangulation is used. In some embodiments, bary-
centric interpolation is used. In some embodiments, [Lagrange
polynomial interpolation is used. Because vertices corre-
spond to illuminant drive level extrema, interpolation is made
mathematically continuous, avoiding visual artifacts from
desired color changes. Optimized brightness is attained by
restricting illuminant type combinations to adjacent illumi-
nant types in hue angle order. Output intensity is able to be
adjusted without affecting chromaticity by scaling all illumi-
nant type drive levels together without changing their relative
proportions.

The layout of the heptagons and the coordinates of their
vertices are not critical. In some embodiments, the origin of
the plane corresponds to the center of figure. In some embodi-
ments, all coordinates are represented by positive numbers. In
some embodiments, coordinates are skewed to match a pre-
determined color space. In some embodiments, coordinates
are skewed to match illuminant type characteristics. In some
embodiments, coordinates are skewed to match external com-
mand source characteristics.

FIG. 13B is a diagram illustrating an embodiment of one
possible tessellation of the two-dimensional heptagonal con-
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trol surface. In some embodiments, the vertices forming the
triangles are identical to the vertices of FIG. 13A.

FIG. 13C s a diagram illustrating an embodiment plotting
a portion of the two-dimensional heptagonal control surface
of FIG. 13A. In the example shown, an illuminant type has a
drive level at full in hatched area 1360 and at zero in hatched
area 1362. A rotation of hatched area 1360 for each of the
seven illuminants covers the entire heptagonal control sur-
face, and thus at least one illuminant is always at full any-
where in the control surface.

FIG. 13D is a diagram illustrating an embodiment plotting
the drive level of one illuminant type in the two-dimensional
heptagonal control surface of FIG. 13A, in perspective as a
vertical dimension above the horizontal plane. In the example
shown, full drive level region 1360 and zero drive level region
1362 of FIG. 13C are seen in perspective as the highest and
lowest areas of the plot, respectively. For clarity only one
surface is shown, but there is actually one for each illuminant
type. In some embodiments, the slope down from the highest
area of the plot is linear as shown. In some embodiments, the
slope down from the highest area of the plot is curved to
provide additional control resolution at low illuminant drive
levels, where small drive level changes have greater effect on
aggregate chromaticity than at high illuminant drive levels. In
some embodiments, the curved slope is proportional to d”
where d is the depicted linear drive level and n is greater than
one.

FIG. 14 is a plot illustrating an embodiment of the CIE
1931 xy chromaticity diagram showing chromaticity
response to changing illuminant intensity. In the example
shown, the chromaticity diagram has human color gamut
boundary shown by closed curve 1400. Seven non-white illu-
minant types (e.g., illuminant types of table 1A) are plotted by
chromaticity as vertices of convex polygon 1402 illustrating a
gamut of the illuminants. Chromaticity coordinate 1404 is
generated when all illuminants are at full, herein called the
maximum power point. Representative green illuminant 1406
is connected by dashed line 1408 through maximum power
point 1404 to an all-but-green point 1410. Polygon 1412
illustrates the chromaticity coordinate generated when all but
one illuminant type is at full with each illuminant type at zero
in turn. Maximum power point 1404 attains the maximum
possible brightness by definition, because there are no more
illuminants to turn on. All-but-green point 1410 is likewise
the brightest possible such chromaticity because the only
degree of freedom for the illuminants is to turn green back on,
which would cause a transition on the chromaticity diagram
to 1404. This is expressing the well-known principle that all
possible additive color mixes of two illuminants have a chro-
maticity on the line connecting the chromaticity coordinates
of the two illuminants. The same is true for each of the other
illuminants, and thus polygon 1412 contains only the bright-
est possible values for each chromaticity. This process can be
extended recursively for all-but-two adjacent illuminants at
full, etc. until the gamut perimeter is reached with only one
illuminant at full at a time, always yielding the brightest
possible values at each recursion level. Turning on a non-
adjacent illuminant will always move chromaticity away
from the other illuminant types, towards the center and a
previous level, but each level is already constructed as the
brightest possible, and thus a non-adjacent illuminant type
cannot have optimal brightness.

For some applications and sets of illuminant types, a
metamer is preferred that does not have optimal brightness.
For example, in a theatrical production some costumes may
employ a red cloth accent on a beige background. Under an
optimal-brightness white light this accent will appear red, but
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for dramatic effect it is sometimes desirable to increase the
contrast between colors. Selecting a metamer of white with
reduced amber (e.g., by limiting the ‘amber’ illuminant type
to a maximum of 30% intensity) in its spectral power distri-
bution leaves the red accent at full brightness while dimin-
ishing the beige background. Many other colors will not be
affected. The red is not brighter than before, but it is brighter
relative to the beige. The visual effect is that the red appears
to have changed by itself. This technique enables a striking
visual impact. In all cases the total brightness of a non-
optimal metamer is reduced, but depending on the illuminants
available, the desired color, and the specified spectral adjust-
ment it is possible that the selected metamer is considerably
dimmer than the optimal one, or even not achievable. For
example, if a spectral selection allows at most 5% green
intensity then desired colors close to that illuminant color will
be limited accordingly.

In some embodiments, spectral adjustments are made by
means of an equalizer control similar to that of audio equip-
ment. A series of levers allows different parts of the visual
spectrum to be controlled. In some embodiments, the levers
include the region of non-spectral purples by controlling both
the long and short wavelength regions of the spectrum
together. In various embodiments, the levers are implemented
by mechanical levers, by visual user interface, by sliders,
knobs, numeric adjusters, and any other appropriate control
mechanism. In some embodiments, spectral adjustments are
made in terms of the illuminant types. In some embodiments,
spectral adjustments are made in terms of a predetermined
gamut. In some embodiments, a total brightness reduction of
the spectral adjustment is displayed to the operator, and/or
indicated to a command source. In some embodiments the
total brightness reduction is depicted as a percentage.

FIG. 15A is a diagram illustrating an embodiment plotting
two example illuminant types IL, and IL, on a CIE 1931 xy
chromaticity diagram. In the example shown, I, chromatic-
ity is plotted at point 1500 and IL., chromaticity is plotted at
point 1502. The line between 1500 and 1502 is the gamut of
combining these illuminants in all possible proportions. In
this example the combination of both illuminant types at full
intensity results in chromaticity 1504.

FIG. 15B is a diagram illustrating an embodiment plotting
the necessary proportions of IL, and IL, for each chromaticity
in the gamut shown in FIG. 15A, along with the total intensity
of'the combination of illuminant types. In the example shown,
point 1550 corresponds to point 1500 of FIG. 15A, showing
the chromaticity when IL is at full and IL, is at zero. Point
1552 corresponds to point 1502 of FIG. 15A, showing the
chromaticity when IL, is at zero and IL, is at full. Point 1554
corresponds to point 1504 of FIG. 15A, showing the chroma-
ticity when IL, and 1L, are both at full. Curve 1556 shows the
required intensity of I, increasing as it approaches the maxi-
mum power point 1554. Curve 1558 shows the required inten-
sity of IL, increasing as it approaches the maximum power
point 1554. The total intensity resulting from these combina-
tions of IL, and IL, is shown by curve 1560, which starts with
intensity 1562 at position 1552 equivalent to the full 1L,
intensity since 1L, is zero there, then rises to peak intensity
1564 at position 1554 equivalent to the sum of the full I, and
IL, intensities, then falls to level 1566 at position 1550
equivalent to the full IL, intensity since IL, is zero there.

FIG. 16A plots a color-space-specific translation of the
triangular control surface. In some embodiments, the trian-
gular control surface corresponds to FIG. 7A and is useful for
determining the necessary proportions of three illuminant
types to achieve a particular chromaticity in the CIE 1931
color space. In the example shown, vertex coordinates are set
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to the chromaticity coordinates of the combination of illumi-
nants associated with each vertex while retaining the opti-
mized brightness and mathematically continuous benefits of
the color-space-independent control surface. This example
uses the red, green, and blue illuminant types of FIG. 1A.
Triangular control surface 1600 is shown with tessellation
lines and comprises red vertex 1602, green vertex 1604, and
blue vertex 1606 in the first rank; red-green vertex 1608,
green-blue vertex 1610, and red-blue vertex 1612 in the sec-
ond rank; and red-green-blue full power vertex 1614 as the
sole member of the third rank.

FIG. 16B is a diagram illustrating an embodiment of cor-
respondence between color-space-independent triangular
control surface 1650 and color-space-specific triangular con-
trol surface 1660. Red vertices 1652 and 1662, green vertices
1654 and 1664, blue vertices 1656 and 1666, and center
points 1658 and 1668 are drawn with projection lines con-
necting them. Other control surface details were omitted for
clarity.

FIG. 17A is a diagram illustrating an embodiment plotting
a color-space-specific translation of the rectangular control
surface. In some embodiments, the rectangular control sur-
face corresponds to FIG. 9A and is useful for determining the
necessary proportions of four illuminant types to achieve a
particular chromaticity in the CIE 1931 color space. In the
example shown, vertex coordinates are set to the chromaticity
coordinates of the combination of illuminants associated with
each vertex while retaining the optimized brightness and
mathematically continuous benefits of the color-space-inde-
pendent control surface. This example uses the red, amber,
green, and blue illuminant types of FIG. 1A. Quadrilateral
1700 comprises red vertex 1706, amber vertex 1708, green
vertex 1710, and blue vertex 1712 in rank 1. The rank-2
quadrilateral is not drawn to better show tessellation lines, but
its vertices are readily located at intermediate points on the
edges of quadrilateral 1700. Rank-3 quadrilateral 1702 also
has four vertices connected to tessellation lines and to center
point 1714 having rank 4.

FIG. 17B is a diagram illustrating and embodiment of
correspondence between color-space-independent quadrilat-
eral control surface 1750 and color-space-specific quadrilat-
eral control surface 1780. In the example shown, red vertices
1756 and 1786, amber vertices 1758 and 1788, green vertices
1760 and 1790, blue vertices 1762 and 1792, rank-3 quadri-
laterals 1752 and 1782, and rank-4 center points 1764 and
1794 are drawn with projection lines connecting them. Other
control surface details were omitted for clarity.

FIG. 18A is a diagram illustrating an embodiment plotting
a color-space-specific translation of the pentagonal control
surface. In some embodiments, the pentagonal control sur-
face corresponds to FIG. 11A and is useful for determining
the necessary proportions of five illuminant types to achieve
a particular chromaticity in the CIE 1931 color space. In the
example shown, vertex coordinates are set to the chromaticity
coordinates of the combination of illuminants associated with
each vertex while retaining the optimized brightness and
mathematically continuous benefits of the color-space-inde-
pendent control surface. This example uses the red, amber,
green, cyan, and blue illuminant types of FIG. 1A. Control
surface 1800 shows pentagonal ranks 1, 3, and 4 drawn bold
and connected by tessellation lines drawn light.

FIG. 18B is a diagram illustrating an embodiment of cor-
respondence between color-space-independent pentagonal
control surface 1850 and color-space-specific pentagonal
control surface 1852. In the example shown, projection lines
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are shown between center points 1860 and 1862, and between
corresponding rank-1 vertices. Other control surface details
were omitted for clarity.

FIG. 19A is a diagram illustrating an embodiment plotting
a color-space-specific translation of the hexagonal control
surface. In some embodiments, the hexagonal control surface
corresponds to FIG. 12A and is useful for determining the
necessary proportions of six illuminant types to achieve a
particular chromaticity in the CIE 1931 color space. In the
example shown, vertex coordinates are set to the chromaticity
coordinates of the combination of illuminants associated with
each vertex while retaining the optimized brightness and
mathematically continuous benefits of the color-space-inde-
pendent control surface. This example uses the red, red
orange, amber, green, cyan, and blue illuminant types of FIG.
1A. Control surface 1900 shows hexagonal ranks 1, 3, 4, and
5 drawn bold and connected by tessellation lines drawn light.

FIG. 19B is a diagram illustrating an embodiment of cor-
respondence between color-space-independent hexagonal
control surface 1950 and color-space-specific hexagonal con-
trol surface 1952. In the example shown, projection lines are
shown between center points 1960 and 1962, and between
corresponding rank-1 vertices. Other control surface details
were omitted for clarity.

FIG. 20A is a diagram illustrating an embodiment of plot-
ting a color-space-specific translation of the heptagonal con-
trol surface. In some embodiments, the heptagonal control
surface corresponds to FIG. 13 A and is useful for determining
the necessary proportions of seven illuminant types to achieve
a particular chromaticity in the CIE 1931 color space. In the
example shown, vertex coordinates are set to the chromaticity
coordinates of the combination of illuminants associated with
each vertex while retaining the optimized brightness and
mathematically continuous benefits of the color-space-inde-
pendent control surface. This example uses the red, red
orange, amber, green, cyan, blue, and indigo illuminant types
of FIG. 1A. Control surface 2000 shows heptagonal ranks 1,
3,4, 5, and 6 drawn bold and connected by tessellation lines
drawn light. Although this control surface applies to seven
illuminants, it should be readily apparent that any finite num-
ber of illuminants is accommodated by increasing the number
of vertices in each polygon and increasing the number of
nested polygonal ranks.

FIG. 20B is a diagram illustrating an embodiment of cor-
respondence between color-space-independent heptagonal
control surface 2050 and color-space-specific heptagonal
control surface 2052. In the example shown, projection lines
are shown between center points 2060 and 2062, and between
corresponding rank-1 vertices. Other control surface details
were omitted for clarity.

FIG. 21A is a diagram illustrating an embodiment of an
example color-space-independent control space for six illu-
minants where one is relatively desaturated with respect to the
others. In the example shown, illuminant combinations for
vertices at rank 3 and higher include the desaturated illumi-
nant at full corresponding to pentagonal hatched region 2100.
Vertices at rank 2 and lower do not include the desaturated
illuminant.

FIG. 21B is a diagram illustrating an embodiment plotting
the desaturated illuminant drive level in the two-dimensional
pentagonal control surface. In the example shown, the two-
dimensional pentagonal control surface corresponds to FIG.
21A, in perspective as a vertical dimension above the hori-
zontal plane. Pentagon 2130 is the highest area of the plot
corresponding to drive level at full, while pentagonal perim-
eter 2132 is the lowest area of the plot corresponding to drive
level at zero. While exact tessellation varies among different
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embodiments, it is important that each vertex of pentagon
2130 is joined by a tessellation line to the corresponding
vertex of pentagonal perimeter 2132 so that desaturated illu-
minant intensity can smoothly vary to zero at the perimeter. In
some embodiments, the slope down from the highest area of
the plot is linear as shown. In some embodiments, the slope
down from the highest area of the plot is curved to provide
additional control resolution at low illuminant drive levels,
where small drive level changes have greater effect on aggre-
gate chromaticity than at high illuminant drive levels. In some
embodiments, the curved slope is proportional to d” where d
is the depicted linear drive level and n is greater than one.

FIG. 21C is a diagram illustrating an embodiment plotting
a color-space-specific translation of the desaturated pentago-
nal control surface. In the example shown, the pentagonal
control surface corresponds to FIG. 21A and is useful for
determining the proportions of six illuminant types, where
one is relatively desaturated, necessary to achieve a particular
chromaticity in the CIE 1931 color space. Vertex coordinates
are set to the chromaticity coordinates of the combination of
illuminants associated with each vertex while retaining the
optimized brightness and mathematically continuous benefits
of'the color-space-independent control surface. This example
uses the red, amber, green, blue, indigo, and warm white
illuminant types of FIG. 1A. Pentagonal ranks 1, 3, and 4 are
drawn bold and connected by tessellation lines drawn light.
The warm white desaturated illuminant chromaticity is plot-
ted at2162. Perimeter rank-1 pentagon 2160 is not affected by
the presence of the warm white desaturated illuminant, but
rank-3 pentagon 2164 is skewed by the altered chromaticity
of its vertices.

FIG. 22A is a cross-sectional view diagram illustrating an
embodiment of a luminaire. In various embodiments, the
luminaire of FIG. 22A comprises one of the following: a wash
light, a spotlight, an ellipsoidal (e.g. an ellipsoidal reflector
spotlight), a leko (e.g. an ellipsoidal), a strip light, a border
light, a fresnel, a cyc light (e.g. a luminaire with asymmetrical
beam throw intended for lighting cycloramas), a scoop light,
a beam projector, an inkie (e.g. a 3 inch fresnel), a par can, a
key light, a moving light, a pebble convex lantern (e.g. a
“PC”), an accent light, a background light, a flood light, a task
light, a house light, a work light, a follow spot, or any other
lighting device intended to provide illumination. In the
example shown, the luminaire is capable of emitting light of
various colors according to commands received on a data
interface. Housing 2200 provides mounting structure and
protective casing for remaining components. Power cable
2202 provides mains power to power supply module 2204.
Data interface 2206 allows connection to an external com-
mand source, which is used to send data to and/or from
controller board 2208. Controller board 2208 interprets
received commands, determines appropriate illuminant pro-
portions for command colors, and provides necessary illumi-
nant drive level information via cable 2210 to electronic
driver board 2212. Electronic driver board 2212 provides
power through wires 2214 to illuminants 2216. In this
example, illuminants 226 are drawn as LEDs (light-emitting
diodes), however any other appropriate illuminants can be
used. Heat sink 2218 provides a path for waste heat to be
dissipated outside housing 2200 in the surrounding environ-
ment. Reflector 2220 and lens 2222 optically combine light
from different illuminant types and provide light beam char-
acteristics as appropriate for the desired application.

In some embodiments, power is supplied from a direct
current source (e.g. batteries or site-specific power distribu-
tion.) In some embodiments, power supply module 2204 is
omitted in favor of the direct current (DC) source. In some
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embodiments, power supply module 2204 is a DC-DC con-
verter. In some embodiments, power supply 2204 and elec-
tronics driver 2210 are integrated into a single module. In
some embodiments, power supply 2204, electronics driver
2210 and controller 2208 are integrated into a single module.
In various embodiments controller 2208 comprises a micro-
processor, a microcontroller, a Field Programmable Gate
Array (FPGA), an Application Specific Integrated Circuit
(ASIC), a Programmable Logic Device (PLD), a Digital Sig-
nal Processor (DSP), or any other appropriate calculating
and/or logic device. In various embodiments, data interface
2206 comprises an interface for one of the following: Ether-
net, wireless Ethernet, lighting protocol Digital MultipleXed
(DMX, DMX-512), wireless DMX, analog level, or any other
appropriate communication technology. In some embodi-
ments, illuminants 2216 are substantially white-emitting (de-
saturated) emitters with only sufficient additional illuminant
types to permit altering the tint or color temperature of the
generated white light. In some embodiments, housing 2200 is
used as a heat sink. In some embodiments, no heat sink is
required. In some embodiments, reflector 2220 is omitted. In
some embodiments, a plurality of reflectors is used. In some
embodiments, lens 2222 is omitted. In some embodiments,
lens 2222 is a lenticular lens. In some embodiments, lens
2222 is a compound lens. In some embodiments, lens 2222 is
biconvex.

FIG. 22B is a diagram illustrating an embodiment of a
display. In various embodiments, the display of FIG. 22B
comprises one or more of the following: a monitor, a televi-
sion, a hand held device display, a computer display, or a
projection display. In the example shown, a graphical display
device generates colors according to a video, picture, and/or
other appropriate data source using seven colors per pixel.
Desktop display device 2250 incorporates grid 2252 compris-
ing rectangular pixels. Detail 2254 shows two such pixels,
each comprising seven illuminants of different types: Blue
2260, Red 2262, Indigo 2264, Red Orange 2266, Amber
2268, Green 2270, and Cyan 2272. Display data is assembled
into a rectangular layout and chromaticity and intensity deter-
mined for each pixel. Optimized color generation converts the
chromaticity into necessary proportions of each illuminant
type in each pixel, after which intensity is applied to scale the
illuminants without changing their proportion. Calculated
illuminant drive levels are output with appropriate addressing
and timing to cause the desired generated colored light to be
emitted from each pixel.

In some embodiments, pixels are comprised of LED illu-
minants. In some embodiments, pixels are comprised of lig-
uid crystal display (LCD) filters in front of a backlight. In
some embodiments, pixels are comprised of LCD filters in
front of LED backlights. In some embodiments, the LED
backlights can change color. In some embodiments, multiple
illuminants have the same type. In various embodiments each
pixel uses four or more illuminant types. In some embodi-
ments, one or more sets of illuminants are hidden inside the
device cabinet and coupled to a feedback sensing apparatus to
measure illuminant changes. In some embodiments, a mea-
sured color and intensity of ambient illumination are used to
alter illuminant specifications in accordance with human per-
ceptual differences due to the ambient light.

FIG. 23 is a block diagram illustrating an embodiment of a
system capable of optimized color generation using multiple
illuminant types. In the example shown, color-mixing Device
2300 emits light with selectable color. Command Source
2302 issues digital commands for desired colors to Controller
2304, which is capable of using Electronic Driver 2306 to set
intensities for a set of light sources 2308, each in the range of
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0 to 100% of its maximum. The set of light sources 2308 is
configured to combine light from different illuminant types
for additive color mixing. Optional Feedback Sensors 2310
measure temperature, chromaticity, optical power, and spec-
tral power distribution in any combination, allowing Control-
ler 2304 to monitor, respond to, and compensate for changes
in illuminant behavior.

In some embodiments, Color-mixing Device 2300 com-
prises four or more illuminants. In some embodiments,
Color-mixing Device 2300 is a luminaire capable of emitting
light for illumination. In some embodiments, Color-mixing
Device 2300 emits light for one pixel of a plurality of pixels
in a device capable of displaying information. In some
embodiments, Controller 2304 is physically separate from
Color-mixing Device 2300, whereby Controller 2304 is
capable of using Electronic Driver 2306 to set intensities for
plurality of light sources 2308 using a communication link
from Controller 2304 to Electronic Driver 2306. In some
embodiments, set of light sources 2308 is physically separate
from Color-mixing Device 2300, whereby Electronic Driver
2306 connects to set of light sources 2308 using an electrical
connection (e.g., a single wire, a cable, aribbon cable, etc.) In
some embodiments, two or more of Color-mixing Device
2300 share a physically separated Controller 2304. In some
embodiments, Controller 2304 controls a plurality of Elec-
tronic Driver 2306. In some embodiments, Electronic Driver
2306 controls a plurality of sets of light sources 2308. In some
embodiments, optional Feedback sensors 2310 monitor all
illuminants. In some embodiments, optional Feedback Sen-
sors 2310 monitor a subset of illuminants. In some embodi-
ments, optional Feedback Sensors 2310 are coupled to remote
illuminants 2308 by using an optical connection.

In some embodiments, Command Source 2302 comprises
a lighting control panel that includes one or more controls
(e.g., switches, sliders, dimmers, value selectors, etc.) for
selecting the colors of one or more color-mixing devices. In
some embodiments, Command Source 2302 comprises a
computer system including software that create a virtual
lighting control panel that enables one or more virtual con-
trols (e.g., virtual switches, virtual sliders, virtual dimmers,
virtual value selectors, etc.) for setting the colors of one or
more color-mixing devices. In some embodiments, Com-
mand Source 2302 comprises a computer system with a pre-
programmed set of commands that are output to a controller
such as Controller 2304. In some embodiments, Command
Source 2302 comprises a human interface device. In some
embodiments, Command Source 2302 provides commands
via a data interface.

In some embodiments, Controller 2304 is a processor that
calculates proportions of drive levels (e.g., a set drive levels or
a set of output levels for each of the set of light sources 2308)
for Electronic Driver 2306 to generate a desired color using
set of light sources 2308. In some embodiments, Electronic
Driver 2306 is a modulated current source that is used to drive
set of light sources 2308, where each of set of light sources
2308 comprises a light emitting diodes (LED). In some
embodiments, the modulated current source uses pulse width
modulation. In some embodiments, the current source com-
prises a constant current source. In various embodiments,
each of set of light sources 2308 comprises a single LED,
multiple LEDs, is driven by a single driver unit or multiple
driver units, or any other appropriate driver/light source con-
figuration. In various embodiments, each light source of set of
light sources 2308 comprises an incandescent lamp, a flores-
cent lamp, a high intensity discharge lamp, a laser, a light
source with electronic color changing means, a phosphor with
electronic intensity control means, or any other appropriate
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light source technologies in any combination. In some
embodiments, a light source with a colored optical filter pro-
vides one or more of set of light sources 2308. In some
embodiments, set of light sources 2308 comprises an inte-
grated light engine. In some embodiments, illuminant inten-
sity control is accomplished using a spatial light modulator. In
some embodiments, the spatial light modulator is a digital
micromirror device. In some embodiments the spatial light
modulator is a light valve. In some embodiments, a color
wheel is employed to provide sequentially different illumi-
nant types by filtering a light source.

FIG. 24 is a block diagram illustrating an embodiment of a
system capable of optimized color generation using multiple
illuminant types. In some embodiments, FIG. 24 is used to
implement elements of FIG. 23 (e.g., controller 2400 is used
to implement controller 2304). In the example shown, Con-
troller 2400 is connected to Command Source Interface 2402,
optional Feedback Sensors input 2412, and Electronic Driver
Output 2414. Command processor 2404 is responsible for
receiving commands from, and optionally providing indica-
tions to, an external command source using command source
interface 2402. Commands pertaining to any aspect of color
are routed to color calculator 2406, while commands control-
ling desired intensity are routed to drive levels calculator
2408. Color indications (e.g. desired color out of gamut,
illuminant status, desired color efficiency, spectral selection
efficiency, etc.) are optionally obtained from color calculator
2406 and routed back through command source interface
2402. Luminous intensity indications (e.g. desired color out-
put and efficiency, spectral selection efficiency, etc.) are
optionally obtained from drive levels calculator 2408 and
routed back through command source interface 2402. Color
calculator 2406 obtains illuminant specifications from illu-
minant monitor 2410 and maintains its tables accordingly.
Necessary illuminant proportions for current illuminant
specifications and current desired color are provided to drive
levels calculator 2408. Drive levels calculator 2408 uses illu-
minant proportion information from color calculator 2406
along with illuminant intensity and illuminant linearity infor-
mation from illuminant monitor 2410 to determine actual
output level information routed through electronic driver out-
put 2414. Optional feedback sensors input 2412 is connected
to sensors monitoring any combination of light source inten-
sity, light source chromaticity, age, temperature, power con-
sumption, usage, etc. [lluminant monitor 2410 obtains infor-
mation from feedback sensors enabling it to provide accurate
illuminant specifications to color calculator 2406 and drive
levels calculator 2408. In some embodiments, drive levels
calculator 2408 outputs a set of output levels where the set
comprises an output level for each illuminant type of a set of
illuminant types. In some embodiments, the set of illuminant
types comprises a subset of all illuminant types. In some
embodiments, the set of output levels includes some output
levels that are zero indicating that an illuminant type is not on.

In various embodiments, controller 2400 is implemented
using a microprocessor, a microcontroller, a PLD, an FPGA,
an ASIC, a DSP, discrete logic, or any other appropriate
computational hardware in any combination. In some
embodiments, controller 2400 uses special purpose accelera-
tor hardware. In some embodiments, controller 2400 is
implemented as a software process within a larger system
with one or more processors and/or potentially with one or
more virtualized systems. In some embodiments, controller
2400 processes multiple color channels for multiple sets of
light sources simultaneously. In some embodiments, control-
ler 2400 is connected to a physical user interface consisting of
indicator lights, knobs, switches, displays, and other control
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panel elements in any combination. In some embodiments,
controller 2400 employs fixed-point arithmetic. In some
embodiments, controller 2400 employs floating-point arith-
metic. In some embodiments, controller 2400 employs inte-
ger arithmetic. In various embodiments, command source
interface 2402 is implemented as Ethernet, wireless Ethernet,
lighting protocol Digital MultipleXed (DMX), wireless
DMX, Remote Device Management (RDM), Universal Serial
Bus (USB), Bluetooth, Firewire, Digital Visual Interface
(DVI), High Definition Multimedia Interface (HDMI), or any
other appropriate communications protocol. In some embodi-
ments, feedback sensors input 2412 comprises a connection
to a separate external light-measuring device. In various
embodiments, the connection to the separate external light-
measuring device comprises a wireless connection, a wired
connection, USB, Bluetooth, or any other appropriate con-
nection.

In some embodiments, command processor 2404 provides
an Hyper Text Markup Language (HTML) interface. In vari-
ous embodiments, command processor 2404 accepts desired
color specification in diverse formats including: CIE XYZ,
xyY, CIE LUV, CIE LAB, RGB, sRGB, HSV, CMYK,
YCbCr, xvYCC, and any other appropriate color encodings
or color spaces. In some embodiments, command processor
2404 is associated with multiple color calculators. In some
embodiments, command processor 2404 processes color for a
video stream transferred through command source interface
2402. In some embodiments, command processor 2404 pro-
cesses color for image data transferred through command
source 2402. In some embodiments, command processor
2404 responds to color translation requests with correspond-
ing necessary illuminant combinations through command
source interface 2402. In some embodiments, command pro-
cessor 2404 pre-calculates a cache of chromaticity transla-
tions and stores them in a lookup table, allowing subsequent
color translations to occur very quickly. In some embodi-
ments, color translations using the lookup table interpolate
the entries in the lookup table for increased translation accu-
racy. In various embodiments, the pre-calculated cache is
recalculated as necessary according to illuminant changes,
user preference changes, or any other appropriate trigger for
recalculation of the cache. In some embodiments, the pre-
calculated cache is recalculated at intervals when it is not
visually apparent (e.g. when a display is dark or a luminaire is
turned off.)

In some embodiments, illuminant monitor 2410 originates
change information to color calculator 2406 and/or drive
levels calculator 2408. In some embodiments, illuminant
monitor 2410 responds to information queries from color
calculator 2406 or drive levels calculator 2408. In some
embodiments, illuminant monitor 2410 actively polls for
changes via feedback sensors input 2412. In some embodi-
ments, illuminant monitor 2410 stores pre-programmed
information concerning illuminant specifications. In some
embodiments, the pre-programmed information is deter-
mined during manufacture. In some embodiments, the pre-
programmed information is selectable from among a plurality
of data sets each associated with a defined set of illuminants.

FIG. 25 is a flow chart illustrating an embodiment of a
process for generating a colored light through color mixing.
In some embodiments, the process of FIG. 25 is executed
using controller 2400 of FIG. 24. In the example shown, in
2500 illuminant type specifications are obtained. For
example, illuminant type specifications are obtained that
include tristimulus values or chromaticity coordinates and
intensity information. In 2502, illuminants are sorted. For
example, illuminants are sorted into a circular order by hue
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angle. In 2504, combinations are determined. For example,
combinations of adjacent illuminant types in the circular
order are determined and their chromaticity coordinates cal-
culated. In 2506, levels are interpolated. For example, a
desired color chromaticity coordinates (e.g., a desired color
for the luminaire to produce) are used to interpolate illumi-
nant type drive levels using the determined combinations,
yielding a drive level set having drive levels for each illumi-
nant type. This completes the color mixing process.

FIG. 26A is a table illustrating an embodiment of a chro-
maticity data structure useful for color mixing calculations. In
the example shown, abscissa x and ordinate y identify a
chromaticity coordinate in a predetermined color space, inde-
pendent of intensity.

FIG. 26B is a table illustrating an embodiment of a tris-
timulus data structure useful for color mixing calculations. In
the example shown, fields X, Y, and Z refer to amounts of
three primary colors associated with color perception. In
some embodiments, the values in the table correspond to
RGB primary colors. In some embodiments, the values in the
table correspond to the CIE XYZ color space. In some
embodiments, the values in the table correspond to other
color spaces, which, for example, are associated with the
color capabilities of a particular optical device such as a video
camera.

FIG. 27A is a table illustrating an embodiment of a vertex
data structure used for color mixing. In the example shown,
bitmap MAP is a set of bits, each corresponding to an illumi-
nant type. Tristimulus TSV is calculated from the combina-
tion of illuminant types represented by MAP.

FIG. 27B is a table illustrating an embodiment of a facet
data structure used for color mixing. In the example shown,
vertex indices V1, V2, and V3 each refer to a vertex data
structure associated with a control surface. Matrix XLATE is
calculated from the tristimulus values of these vertex data
structures.

FIG. 27C is a table illustrating an embodiment of a color
calculator state data structure used to store predetermined and
calculated data for a color-mixing device and its control sur-
faces. In the example shown, illuminant count N is the num-
ber of illuminant types to be mixed. Chromaticity array
GAMUT tracks the range of possible chromaticity within the
predetermined color space. Luminous intensity array LINT
stores a luminous intensity value for each illuminant type,
used to calculate the total luminous intensity for a given
generated color. Vertex CENTER stores information con-
cerning the center of the control space, having rank-N. Vertex
array VERTS stores information for the other vertices in the
control space. Percent array LEVELS stores level informa-
tion used during interpolation.

FIG. 28A is a table illustrating an embodiment of an illu-
minant status data structure used to store measured illuminant
type characteristics of a color-mixing device. In the example
shown, tristimulus array ILLUMINANTS includes non-nor-
malized tristimulus values for each illuminant type, thus hav-
ing both chromaticity and intensity information. Percent
array LINEARIZER includes a set of correction factors
between drive level and optical output level, allowing correc-
tion of any non-linearity in the electronic driver or illumi-
nants.

FIG. 28B is a table illustrating an embodiment of a com-
mand data structure for a color-mixing device. In the example
shown, chromaticity C specifies a desired color. Intensity I
specifies the desired intensity as a percentage of the possible
maximum. Optional percent array SPECTRAL specifies a
desired spectral power distribution adjustment allowing spe-
cific illuminant types or specific areas of the visual spectrum
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to be partially or entirely suppressed from the generated color,
thus producing alternative metamers.

FIG. 28C is a table illustrating an embodiment of a drive
level set data structure used to communicate drive level infor-
mation to an electronic driver controlling illuminant intensity.
In the example shown, percent array DRIVES contains a
drive level for each illuminant type.

FIG. 29 is a flow chart illustrating an embodiment of a
process for generating colored light. In the example shown,
an infinite loop responds to commands and changes to con-
troller inputs. In 2900, tables are updated. For example, speci-
fied illuminant type information is used to generate tables for
illuminant type combinations and their vertex coordinates. In
2902, the process recalculates. For example, a desired coloris
used to calculate necessary proportional illuminant type
intensity levels using interpolation. In 2904, drive levels are
determined. For example, drive levels are calculated using
proportional levels adjusted for desired intensity and illumi-
nant type drive linearity. In 2906, it is determined whether an
illuminant changes. For example, it is determined whether an
illuminant changes because an illuminant change causes all
data structures to be reinitialized. In some embodiments, only
data structures actually affected by the change are reinitial-
ized. In some embodiments, the illuminant change is in
response to feedback sensor data. In some embodiments, the
illuminant change is in response to operator-provided data. In
2908, it is determined whether the command is a spectral
command. For example, a command that is associated with a
change in desired spectral power distribution that allows
selection of alternate metamers, causing all data structures to
be reinitialized. In some embodiments, only data structures
actually affected by the change are reinitialized. In 2910, it is
determined whether the command is a color command. For
example, a command that is associated with a change in
desired color that causes proportional levels and the drive
level set to be recalculated, but does not require tables to be
updated. In 2912, it is determined whether the command is an
intensity command. For example, a command that is associ-
ated with a change in desired intensity that causes the drive
level set to be recalculated, but does not require tables to be
updated nor proportional levels to be recalculated.

FIG. 30 is a flow chart illustrating an embodiment of a
process forupdating tables. In some embodiments, the flow of
FIG. 30 is used to implement 2900 of FIG. 29. In the example
shown, in 3000 a gamut is generated. For example the gamut
is generated by calculating the xy chromaticity of each illu-
minant type. In 3002, the polygons are generated. For
example, polygons of each different rank are generated by
making appropriate combinations of illuminant types and
calculating the resulting chromaticity coordinates. In 3004,
the polygons are tessellated. For example, the polygons are
tessellated to facilitate subsequent interpolation.

FIG. 31 is a flow chart illustrating an embodiment of a
process for generating a gamut. In some embodiments, the
flow of FIG. 31 is used to implement 3000 of FIG. 30. In the
example shown, in 3100 illuminant data is computed. For
example, the chromaticity and intensity of each illuminant
type is calculated from the non-normalized tristimulus val-
ues. In some embodiments, chromaticity and intensity are
specified directly instead of being calculated. In 3102, a con-
vex hull is determined. For example, the convex hull of the
chromaticity coordinates of the illuminant types is deter-
mined and a desaturated illuminant, if present, is set aside. In
3104, illuminants are sorted. For example, the illuminants are
ordered into a counter-clockwise circular order by hue angle.
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In some embodiments, the winding order is clockwise.

FIG. 32 is a flow chart illustrating an embodiment of a
process for generating polygons for a control surface. In some
embodiments, the process of FIG. 32 is used to implement
3002 of FIG. 30. In the example shown, the process iterates
through each vertex of each rank, determining the appropriate
illuminant type combinations and calculating their aggregate
chromaticity coordinates. For N illuminant types the control
surface contains N-1 polygons with a total of N(N-1) verti-
ces. The vertex array stores in order from outermost rank to
innermost excluding the center, and within each rank accord-
ing to the illuminant type circular order. Variable K holds the
numerical rank of the polygon currently being generated
while variable V holds the numerical index of the current
vertex within the current rank. In 3200, K is set equal to 1. For
example, K is initialized to the outermost rank 1. In 3202, V
is set equal to 1. For example, V is initialized to a first vertex
in the illuminant type circular order. In some embodiments,
this is the illuminant type with the longest wavelength. In
3204, a vertex is created. For example, a new vertex is created
and added to the vertex array. In 3206, V is set to equal V+1.
For example, V is incremented to correspond to the next
vertex. In 3208, it is determined whether V is less than or
equal to N. For example, the vertices continue to be created
for the current rank until the polygon is complete. In the event
thatV is less than or equal to N, control passes to 3204. In the
event that V is not less than or equal to N, in 3210 K is set to
equal K+1. For example, K is incremented to correspond to
the next rank. In 3212, it is determined whether K is less than
or equal to N-1. For example, K ranks continue to be created
until the control surface is complete. In the event that K is less
than or equal to N-1, control passes to 3202. In the even that
K is not less than or equal to N-1, in 3214 the center is
processed. For example, the center vertex is created to com-
plete the generating polygon process.

FIG. 33 is a flow chart illustrating an embodiment of a
process for creating a color-space-specific vertex for a control
surface. In some embodiments, the process of F1G. 33 is used
to implement 3204 of FIG. 32. In the example shown, the
vertex to be created is specified in terms of rank K, which
ranges from 1 at the control surface perimeter towards N at the
center; and index within the rank V, which ranges from 1
through N. This process is not executed for the center vertex.
In 3300, VX is set equal to N*(N-K-1)+V. For example, VX
is calculated to be the index of the vertex being created in the
control space array of vertices. In 3302, it is determined
whether K is equal to 1. For example, the special case of
outermost rank-1 is detected for special handling. In the event
that K is equal to 1, control passes to 3304. In the event that K
is notequal to 1, control passes to 3308. In 3304, VERTS[ VX]
.MAP is set equal to 1<<(V-1), where << is the binary left-
shift operator. For example, rank-1 bitmap MAP is calculated
by shifting 1 to the left V-1 places. In 3306, VERTS[VX]
TSV is set equal to GAMUT[V].TSV. For example, the ver-
tex tristimulus value is copied from the gamut array directly
because the vertex corresponds to only a single illuminant
type. In 3308, PX is set. equal to VX+N. For example, PX is
calculated to be the index of the already-created vertex in the
next lower rank polygon to which the current vertex adds a
new adjacent illuminant type. In 3310, IX is set equal to
(K+V-1) % N, where % is the modulo operator. For example,
IX is calculated to be the index of the new illuminant type. In
3312, VERTS[VX].MAP is set equal to VERTS[PX]
.MAPI1<<(IX-1), where | is the bitwise-or operator. For
example, current vertex bitmap is calculated by adding the bit
corresponding to the new illuminant type to the bitmap ofthe
already-created vertex. In 3314, VERTS[VX].TSV is set
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equal to VERTS[PX]. TSV+GAMUTI[IX].TSV. For example,
the current tristimulus value is calculated by adding new
illuminant type to the combination calculated for the already-
existing vertex. In this example tristimulus values are pre-
scaled according to their intensity.

FIG. 34 is a flow chart illustrating an embodiment of a
process for processing a color-space-specific center vertex for
a control surface. In some embodiments, the process of FIG.
34 is used to implement 3214 of FIG. 32. In the example
shown, in 3400, CENTER.MAP is set equal to (1<<N)-1. For
example, bits for all illuminant types are set to 1. In 3402,
CENTER.TSV is set equal to VERTS[1].TSV+GAMUTI[N]
TSV. For example, the tristimulus value of the already-cre-
ated vertex having a combination of all illuminant types but
the last is added to that of the last illuminant type, resulting in
the tristimulus value for all illuminant types at full.

FIG. 35 is a diagram illustrating an embodiment of a facet
for a control surface. In the example shown, the facet is
defined by vertices 3500, 3502, and 3504. Tessellation lines
3506, 3508, and 3510 are drawn for an interior facet not at the
perimeter of the control space gamut. Each vertex comprises
atristimulus value with (X,Y,Z) components. An interpolated
tristimulus value is obtained for representative point 3512 by
interpolating its tristimulus value within the facet using the
tristimulus values of the vertices. Interpolating at a vertex
results in the tristimulus value of the vertex. Interpolating on
the line between two vertices results in a tristimulus value
intermediate between those of the two vertices. Interpolating
elsewhere in the facet generates a result intermediate among
those of all three vertices. Ifthe vertices are ordered with 3500
first, 3502 second, and 3504 third then the winding order is
counter-clockwise and the (X,Y,Z) components of the tris-
timulus result of the interpolation are positive by the right-
hand rule. If the winding order is clockwise then the compo-
nents are negative. If a specified point is not within the facet
then some components will be positive and some will be
negative, in which case the facet is not useful for interpolating
that point.

FIG. 36 is a flow chart illustrating an embodiment of a
process for tessellating control surface polygons. In some
embodiments, the process of FIG. 36 is used to implement
3004 of FIG. 30. In the example shown, in 3600, it is deter-
mined whether N is equal to 3. For example, the special case
of three illuminant types is detected for special handling. In
the event that N is not equal to 3, then control passes to 3604.
In the event that N is equal to 3, in 3602 the triangle is
tessellated. In 3604, inner tessellation is performed. For
example, the region between the center point and the inner-
most polygonal rank N-1 is tessellated. In 3606, it is deter-
mined whether N is equal to 4. For example, control spaces of
four illuminant types, which have no middle region, are
detected. In the event that N is equal to 4, control passes to
3610. In the event that N is not equal to 4, in 3608 middle
tessellation is performed. For example, middle ranks are tes-
sellated for control spaces of five or more illuminant types. In
3610, outer tessellation is performed. For example, the region
between rank-1 and rank-3 is tessellated, accommodating the
presence of desaturated illuminants. The outer region is spe-
cial because vertices of rank-2 polygons are coincident with
edges of rank-1 polygons.

FIG. 37 is a flow chart illustrating an embodiment of a
process for tessellating a control space with three illuminant
types. In some embodiments, the process of FIG. 37 is used to
implement 3602 of FIG. 36. In the example shown, each facet
to be created has the center as one point, and adjacent vertices
of rank-1 or rank-2 triangles as the other points. Variable X is
an index into the vertex array stepping through rank-2 verti-
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ces. In3700, X is set equal to 1. For example, X is initialized
to the first vertex of rank-2. In 3702, OUTER is set equal to
X-3 and NEXT is set equal to X % 3+4, where % is the
modulo operator. For example, rank-1 OUTER and rank-1
NEXT vertex indices are calculated. In 3704, a facet is added
witha V1 equalto CENTER, a V2 equal to OUTER, andaV3
equal to X. For example, the first of two adjacent tessellation
facets are created. In 3706, a facet is added with a V1 equal to
CENTER, a V2 equal to X, and a V3 equal to NEXT. For
example, the second of two adjacent tessellation facets are
created. In 3708, X is set equal to X+1. For example, X is
advanced to the next rank-2 vertex. In 3710, it is determined
whether X is less than or equal to 3. For example, the process
ends when all rank-2 vertices have been processed. In the
event that X is less than or equal to 3, control passes to 3702.
In the event that X is not less than or equal to 3, the process is
completed.

FIG. 38 is a flow chart illustrating an embodiment of a
process for tessellating an inner region of a control space. In
some embodiments, the process of FIG. 38 is used to imple-
ment 3604 of FIG. 36. In the example shown, the control
space has 4 or more illuminants and the region being tessel-
lated is between the center and rank N-1. Each facet to be
created has the center as one point, so an outer pair of points
is walked around the encompassing rank N-1 polygon,
advancing by a single vertex each time. Variable X is an index
into the vertex array stepping through rank N-1 vertices. In
3800, X is set equal to 1. For example, X is initialized to the
first vertex of rank N-1. In 3802, vertex NEXT is set equal to
X % N+1, where % is the modulo operator. For example,
NEXT is a next vertex from X in the polygon. In 3804, a facet
is added with a V1 equal to CENTER, a V2 equal to NEXT,
and a V3 equal to X. For example, a facet corresponding to the
current vertex of the rank N-1 polygon is created. In 3806, X
set equal to X+1. For example, X is advanced to the next rank
N-1 vertex. In 3808, it is determined whether X is less than or
equal to N. For example, the process ends when all rank N-1
vertices have been processed. In the event that X is less than
N, control passes to 3802. In the event that X is not less than
or equal to N, the process is completed.

FIG. 39 is a flow chart illustrating an embodiment of a
process for tessellating a middle region of a control space. In
some embodiments, the process of FIG. 39 is used to imple-
ment 3608 of FIG. 36. In the example shown, the control
space has 5 or more illuminants and the region being tessel-
lated is between rank N-1 and rank 3. Starting with rank N-1
and proceeding outward to rank 3, for each adjacent pair of
ranks this determines a vertex on each rank that share a facet,
creates that facet, and then walks the vertices along the bor-
dering ranks while repeatedly creating facets until the region
between that pair of ranks is completely tessellated. In 3900,
R is set equal to N-2. For example, R is initialized a value
corresponding to rank N-2. In 3902, X is setequal to 1, OST
is set equal to N*(N-R-1)+1, INST is set equal to OST-N, IN
is set equal to INST, and out is set equal to OST. For example,
vertex counter X is initialized to the first vertex, variable OST
representing a starting vertex on the outer rank is initialized to
the first vertex on that rank, variable INST is initialized to the
corresponding starting vertex to OST on the inner rank, inner
walking index IN is initialized to INST, and outer walking
index OUT is initialized to OST. In 3904, NXO is set equal to
X % N+OST and NXI is set equal to X % N+INST, where %
is the modulo operator. For example, next outer index NXO
and next inner index NXT are calculated from the start vertices
and vertex counter X. In 3906, a facet is added with aV1 equal
to IN, a V2 equal to NXO, and a V3 equal to OUT. For
example, a first current tessellation facet is created with one
edge along the outer rank. In 3908, OUT is set equal to NXO.
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For example, outer walking index OUT is advanced to previ-
ously calculated next outer vertex NXO. In 3910, a facet is
added with a V1 equal to IN, a V2 equal to NXI, and a V3
equal to OUT. For example, a second current tessellation
facet is created with one edge along the inner rank. In 3912,
INis set equal to NXI and X is set equal to X+1. For example,
inner walking index IN is advanced to previously calculated
next inner vertex NXI and vertex counter X is advanced. In
3914, itis determined whether X is less than or equal to N. For
example, the facet-creating loop terminates when the region
between the current pair of ranks is completely tessellated. In
the event that X is less than or equal to N, control passes to
3904. In the event than X is not less than orequal to N, in 3916
R is set equal to R-1. For example, the region being tessel-
lated is advanced outward to the next pair of ranks. In 1918, it
is determined whether R is greater than or equal to 3. For
example, the rank loop is terminated when only the outermost
two ranks remain. In the event that R is greater than or equal
to 3, control passes to 3902. In the event that R is not greater
than or equal to three, the process is completed.

FIG. 40 is a flow chart illustrating an embodiment of a
process for tessellating an outer region of a control space. In
some embodiments, the process of FIG. 40 is used to imple-
ment 3610 of FIG. 36. In the example shown, the control
space has four or more illuminants, the edges of the polygon
of rank 2 are ignored, and tessellation occurs between the
polygons of rank 1 and rank 3. While various tessellation
patterns are possible, this example accommodates the pres-
ence of desaturated illuminants by allowing their intensity to
be smoothly decreased towards the perimeter of the control
space. Outer, middle, and inner vertex indices are walked
around the region between rank 1 and rank 3, with each step
creating three facets. In 4000, X is set equal to 1, R3 is set
equal to N*(N-4)+1, OUT is set equal to R3+2*N, MID is set
equal to OUT-1, and IN is set equal to MID-N. For example,
vertex counter X is initialized, variable R3 is initialized to the
first vertex of rank 3, outer walking index OUT is initialized
to the first vertex of rank 1, middle walking index MID is
initialized to the last vertex of rank 2, and inner walking index
IN is initialized to the last vertex of rank 3. In 4002, NX1 is set
equal to R3+X-1 and NXM is set equal to NXI+N. For
example, next inner walking index NXI is set to the current
rank-3 vertex, and next middle walking index NXM is set to
the current rank-2 index. In 4004, a facet is added with a V1
equal to MID, a V2 equal to IN, and a V3 equal to OUT. For
example, a first facet is added. In 4006, a facet is added with
aVlequalto OUT, aV2 equal to IN, and a V3 equal to NXM.
For example, a second facet is added. In 4008, a facet is added
with a V1 equal to NXM, a V2 equal to IN, and a V3 equal to
NXI. For example, a third facet is added. In 4010, X is set
equal to X+1, MID is set equal to NXM, IN is set equal to
NXI, and OUT is set equal to OUT+1. For example, vertex
counter X, middle walking index MID, inner walking index
IN, and outer walking index OUT are advanced. In 4012, it is
determined whether X is less than or equal to N. For example,
the process terminates when all facets have been created. In
the event that X is less than or equal to N, control passes to
4002. In the event that X is not less than or equal to N, the
process is completed.

FIG. 41 is a flow chart illustrating an embodiment of a
process for adding a facet to the control space facet array. In
some embodiments, the process of FIG. 41 is used to imple-
ment 3704 and 3706 of FIG. 37, 3804 of FIG. 38, 3906 and
3910 of FIG. 39, and/or 4004 and 4006 and 4008 of FIG. 40.
In the example shown, a facet is the state information neces-
sary to identify three associated illuminant type combinations
and interpolate among them. The faced to be added is speci-
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fied in terms of vertices V1, V2, and V3. In 4100, FT.V1is set
equal to V1, FT.V2 is set equal to V2, and F5.V3 is set equal
to V3. For example, current facet FT is initialized with refer-
ences to the three vertices specified for the facet. In 4102,
TSV1 is set equal to VERTS[V1]. TSV, TSV2 is set equal to
VERTS[V2]. TSV, and TSV3 is set equal to VERTS[V3]
TSV. For example, tristimulus values for each vertex are
obtained. In 4104, FT.XLATE is set according to the follow-
ing formula:

TSV1-X TSV2-X TSV3-X 1!
FT-XIATE=| TSV1-Y TSV2-Y TSV3-Y
TSV1-Z TSV2-Z TSV3.-Z

For example, current facet matrix FT. XLATE is initialized
from vertex tristimulus values and inverted. In 4106, FT is
added to end of FACETS array. For example, addition of FT
increases a color calculator FACETS array size by one facet.

FIG. 42 is a flow chart illustrating an embodiment of a
process for recalculating illuminant proportions. In some
embodiments, the process of FIG. 42 is used to implement
2902 of FIG. 29. In the example shown, a color calculator
updates a LEVELS array according to a desired color coor-
dinates C originating in a command. Facets in a color calcu-
lator FACETS array are searched for one enclosing C. If
found LEVELS are calculated by interpolation, otherwise
either the desired color is clipped to a control surface gamut or
an out-of-gamut error reported. In some embodiments the
desired color is always clipped to the gamut. In some embodi-
ments the out-of-gamut behavior can be configured. In vari-
ous embodiments the desired color is clipped to the gamut by
clipping to a nearest point in the gamut, by desaturation using
a line of constant hue to a white point, by application of a
perceptual model, by any number of standard techniques in
the art, or by any other means translating the desired color to
one in the gamut. This example utilizes a simple linear search.
In some embodiments the search is hierarchical. In some
embodiments index, mapping, table, caching, or any other
appropriate data structures improve search performance. In
some embodiments the search is conducted in parallel. In
some embodiments, the search is conducted by a special-
purpose hardware processor. In some embodiments, the spe-
cial-purpose hardware processor comprises an appropriately
configured DSP (digital signal processor). In 4200, FX is set
equal to 1 and LEVELS[1..N] are set equal to zero. For
example, search index FX is initialized to FACETS array start
and LEVELS array is cleared. In 4202, it is determined
whether all facets have been searched. In the event that all
facets have been searched, control passes to 4212. In the event
that all facets have not been searched, in 4204 TSV is set equal
to FACETS[FX].XLATE * C. For example, the desired color
tristimulus value is matrix-multiplied by the current facet
translation matrix, yielding a tristimulus interpolation value
TSV. In 4206, it is determined whether TSV is valid. For
example, TSV is valid if X, Y, and Z are either all positive or
all negative, depending on the winding order of the facet. In
the event that TSV is valid, control passes to 4210. In the
event that TSV is not valid, in 4208 FX is set to FX+1 and
control passes to 4202. For example, facet index FX is
advanced to the next facet in array FACETS and the search
loop continues. In 4210, interpolation of TSV within FAC-
ETS [FX] is performed. For example, current facet FACETS
[FX] encloses the desired color located at barycentric coor-
dinates TSV within the facet, which is interpolated by a
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sub-process to update LEVELS. In 4212, status is output to
command source. For example, an out-of-gamut indication is
reported to the command source. In some embodiments no
out-of-gamut indication is reported. In 4214, it is determined
whether to clip to the gamut. For example, a predetermined
option value is checked to determine whether to clip to the
gamut. In some embodiments clipping to gamut is a com-
mand option. In the event that clip to gamut is true, control
passes to 4216. In the event that clip to gamut is false, the
process is completed. For example, in some embodiments an
out-of-gamut color is equivalent to all illuminants off. In
4216, desired color C is clipped to gamut and control passes
to 4200. For example, the desired color C is clipped to an
in-gamut color and searching begins again.

FIG. 43 is a flow chart illustrating an embodiment of a
process for calculating an interpolated drive level set. In some
embodiments, the process of FIG. 43 is used to implement
4210 of FIG. 42. In the example shown, interpolation is
specified by barycentric coordinates TSV within facet FT.
Interpolation is performed once for each illuminant type with
the resulting drive levels accumulated according to illuminant
types being associated with facet vertices. Accumulated drive
levels are normalized so that at least one drive level is full,
unless spectral scaling was specified in which case no drive
level can exceed its scale level. In 4300, T is set equal to 1, B
is set equal to 1, M is set equal to 0, L is set equal to 0, V1 is
set equal to VERTS[FT.V1], V2 is set equal to VERTS
[FT.V2], and V3 is set equal to VERTS[FT.V3]. For example,
type index T, corresponding bit index B, maximum drive level
M, and maximum scaled drive level L are initialized prior to
the loop. In 4302, ifbit B is set in V1.MAP then LEVELS [T]
is increased by TSV.X. For example, TSV.X is added to the
current iteration’s illuminant type drive level if this illuminant
type is present in the VI vertex. In 4304, if bit B is set in
V2.MAP then LEVELSJT] is increased by TSV.Y. For
example, TSV.Y is added to the current iteration’s illuminant
type drive level if this illuminant type is present in the V2
vertex. In 4306, if bit B is set in V3.MAP then LEVELS[T] is
increased by TSV.Z. For example, TSV.Z is added to the
current iteration’s illuminant type drive level if this illuminant
type is present in the V3 vertex. In 4308, L is set equal to the
maximum of [ and LEVELSJT]. For example, L. is main-
tained as the maximum of all unscaled drive levels. In 4310,
LEVELS|T] is multiplied by SCALE[T] and M is set equal to
the maximum of M and LEVELS[T]. For example, the cur-
rent illuminant type drive level is scaled and M is maintained
as the maximum of all scaled drive levels. In 4312, T is
incremented and B is binary-shifted-left by 1 bit. For
example, index T and bitmap B are both advanced for the next
illuminant type. In 4314, it is determined whether T is less
than or equal to N. For example, the illuminant type loop
terminates when all illuminant types have been processed. In
the event that T is less than or equal to N, control passes to
4302. Inthe event that T is not less than or equal to N, in 4316
each element of LEVELS array is divided by the larger of M
or L. For example, when no spectral scaling is requested at
least one drive level is at full, having the value 1.0. When
spectral scaling is employed an illuminant type drive level
cannot exceed its scale value using M.

FIG. 44 is a flow chart illustrating an embodiment of a
process for calculating output drive levels and illuminant
utilization efficiency. In some embodiments, the process of
FIG. 44 is used to implement 2904 of FIG. 29. In the example
shown, a color calculator LEVELS array input to this process
represents idealized proportions of illuminant type intensity,
while drive levels output from this process are adjusted for
commanded intensity, actual illuminant intensity, and inten-
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sity control non-linearity. In some embodiments, limited pre-
cision of electronic driver intensity control is mitigated by
introducing intentional non-linearity such that low intensity
is controlled with a higher precision than high intensity.
Intentional non-linearity is reversed inside the electronic
driver. Intentional non-linearity is sometimes referred to as
gamma in the art. In some embodiments, intentional non-
linearity is proportional to d” where d is the linear drive level
and n is greater than one. In 4400, DRIVES is set equal to
LEVELS, LUM is set equal to the sum of the elements of
LEVELS*LPOWER, TPOWER is set equal to the sum of the
elements of LPOWER, and EFFICIENCY is set equal to
LUM/TPOWER. For example, drive level set DRIVES is
initialized from previously-calculated array LEVELS, lumi-
nous output LUM for the current desired color is calculated as
the sum of each illuminant type’s luminous power weighted
by its drive level, maximum aggregate luminous output power
TPOWER is the sum of each illuminant type’s luminous
power, and EFFICIENCY is the ratio between LUM and
TPOWER. EFFICIENCY measures how well the current
metamer utilizes the illuminant types, as a percentage ranging
from 0% through 100%. In 4402, status is output to command
source. For example, calculated efficiency is optionally indi-
cated to the command source. In some embodiments, other
status information is also reported (e.g. total power, current
power, drive levels, illuminant age, illuminant effectiveness,
and any other available status information in the controller).
In 4404, DRIVES is scaled by command intensity. For
example, a most recently received command intensity value
ranging from 0% through 100% is multiplied against each
element of array DRIVES, changing intensity without chang-
ing illuminant type proportions. In 4406, DRIVES is adjusted
for illuminant intensity. For example, stored controller infor-
mation is used to adjust drive levels according to the differ-
ence between requested intensity and actual intensity. In
some embodiments, illuminant drive levels are adjusted to
maintain a constant output level despite intensity reduction
due to age, temperature, usage patterns, etc. In some embodi-
ments, illuminant drive levels are set lower than a maximum
to allow subsequent increase to compensate for intensity
reduction. In some embodiments, intensity control non-lin-
earity is compensated using a lookup table, formula, or other
appropriate mapping. In 4408, DRIVES is output to elec-
tronic driver. For example, DRIVES is a drive level set that
uses the electronic driver to cause each illuminant to output its
desired proportion of a total light of all illuminants.

FIG. 45 is a flow chart illustrating an embodiment of a
process for creating a color-space-independent vertex for a
control surface. In some embodiments, the process of FIG. 45
is used to implement 3204 of F1G. 32. In the example shown,
this is an alternative embodiment to the color-space-specific
process of FIG. 33. The vertex to be created is specified in
terms of rank K, which ranges from 1 at the control surface
perimeter towards N at the center and index within the rank V,
which ranges from 1 through N. This process is not executed
for the center vertex. In 4500, VX is set equal to N*(N-K-
1)+V. For example, VX is calculated to be the index of the
vertex being created in the control space array of vertices. In
4502, it is determined whether K is equal to 1. For example,
the special case of outermost rank-1 is detected for special
handling. In the event that K is equal to 1, control passes to
4504. In the event that K is not equal to 1, control passes to
4508. In 4504, VERTS[VX].MAP is set equal to 1<<(V-1),
where <<is the binary shift-left operator. For example, rank-1
bitmap VERTS[VX].MAP is calculated by shifting 1 to the
left V-1 bits. In 4506, VERTS[VX].TSV is set equal to
DEV_TSV(K,V). For example, a vertex tristimulus value is
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calculated by function DEV_TSV using arguments rank K
and vertex V. VERTS[VX].TSV is not a traditional color
space tristimulus value, but is associated with coordinates
useful for a color-space-independent control surface. In some
embodiments, a DEV_TSV function for rank k and vertex v
is:
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where N is the number of illuminants, a is the angle between
vertices, ¢ is the circumradius, p is the apothem, (r, 6) are the
polar vertex coordinates, and (X, Y, Z) are the tristimulus
result. In some embodiments, the control space is centered on
coordinates (0, 0). In various embodiments many other for-
mulae are operable, requiring only that polygons of increas-
ing rank be sequentially nested and not overlapping, though
vertices of a rank-2 polygon may be coincident with edges of
a rank-1 polygon. In 4508, PX is set equal to VX+N. For
example, PX is calculated to be the index of the already-
created vertex in the next lower rank polygon to which the
current vertex adds a new adjacent illuminant type. In 4510,
IX is set equal to (K+V-1) % N where % is the modulo
operator. For example, IX is calculated to be the index of the
new illuminant type. In 4512, VERTS[VX].MAP is set equal
to VERTS[PX].MAPI1<<(IX-1), where | is the bitwise-or
operator and << is the binary left-shift operator. For example,
current vertex bitmap VERTS[VX].MAP is calculated by
adding a bit corresponding to the new illuminant type to the
bitmap of already-created vertex PX.

FIG. 46 is a flow chart illustrating an embodiment of a
process for creating a color-space-independent center vertex
for a control surface. In some embodiments, the process of
FIG. 46 is used to implement 3214 of FIG. 32. In the example
shown, this is an alternative embodiment to the color-space-
specific process of FIG. 34. In 4600, CENTER.MAP is set
equal to (1<<N)-1, where << is the binary left-shift operator.
For example, bits for all illuminant types are setto 1. In 4602,
CENTER.TSV is set to {0, 0, 1}. For example, center tris-
timulus value is initialized to center of coordinate plane (0, 0)
with full intensity 1.0.

FIG. 47 is a plotillustrating an embodiment of a process for
selecting a specific path when changing between two colors.
In the example shown, it is desirable that a color change
occurs gradually with intermediate colors being generated
during the transition. Polygonal contour lines 4700 illustrate
the gamut of each rank of a seven-illuminant control space
(e.g., illuminants similar to that of FIG. 20). Maximum power
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point 4702 is the chromaticity attained with all illuminants at
full. Starting chromaticity 4704 corresponds to a deep blue
color. Ending chromaticity 4706 corresponds to an orange
color. Two possible paths are shown drawn in bold, 4708
which transitions through various shades of purple, and 4710
which transitions through light blue to light orange. For
gradual color changes the choice of intermediate colors is
often important. In some embodiments, a preferred path
between two saturated colors best maintains a constant satu-
ration all along, but still leaves at least two choices since lines
of constant saturation form closed curves. The maximum
power point is generally to be avoided because it is so much
brighter than most transition endpoints.

In some embodiments, a gradual transition is optionally
selected. In some embodiments, the rate of transition is
selectable. In some embodiments, the path follows a contour
of constant saturation. In some embodiments, the path fol-
lows a contour of constant luminous intensity. In some
embodiments, the path direction is chosen based upon the
starting and ending chromaticity coordinates.

Although the foregoing embodiments have been described
in some detail for purposes of clarity of understanding, the
invention is not limited to the details provided. There are
many alternative ways of implementing the invention. The
disclosed embodiments are illustrative and not restrictive.

What is claimed is:

1. A system for generating a colored light, comprising:

a set of at least five illuminant types, wherein the set of at
least five illuminant types is associated with a chroma-
ticity gamut and, wherein each illuminant type of the set
of at least five illuminant types is associated with a hue
angle;

a processor, wherein the processor is configured to:

sort a set of at least five illuminant types into a circular
order by hue angle;

determine combinations of adjacent illuminant types of the
set of at least five illuminant types in the circular order;

determine, based at least in part on a mapping, an output
level set for a received color coordinate, wherein the
mapping comprises associating each color coordinate
with an output level set having an output level for each
illuminant type of the set of at least five illuminant types
using the combinations, wherein the output level for
each illuminant type is determined at least in part using
an interpolation of at least three chromaticity coordi-
nates, wherein each chromaticity coordinate of the at
least three chromaticity coordinates is determined at
least in part using an intensity for each illuminant type,
wherein the intensity targets a zero intensity or a full
intensity, wherein a circular ordered list of illuminant
types is circularly ordered according to an illuminant
type hue angle, and wherein for each chromaticity coor-
dinate all illuminant types of the set of at least five
illuminant types targeting the full intensity are adjacent
in the circular ordered list and all illuminant types of the
set of at least five illuminant types targeting the zero
intensity are adjacent in the circular ordered list.

2. A system as in claim 1, wherein the set of at least five

illuminant types comprises at least six illuminant types.

3. A system as in claim 1, wherein the output level set for
the received color coordinate has an associated maximum
level for at least one illuminant type of the set of at least five
illuminant types.

4. A system as in claim 3, wherein the associated maximum
level is one of a plurality of associated maximum levels.

5. A system as in claim 1, wherein the received color
coordinate is translated to a visually similar color coordinate,
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wherein the visually similar color coordinate has a greater
associated luminous intensity than the luminous intensity
associated with the received color coordinate.
6. A system as in claim 1, wherein the received color
coordinate is translated to a visually similar color coordinate,
wherein the visually similar color coordinate comprises a
reproducible color whereas the received color coordinate is
not a reproducible color.
7. A system as in claim 1, wherein the received color
coordinate is translated to a visually similar color coordinate,
wherein the visually similar color coordinate comprises a
non-aging sensitive reproducible color whereas the received
color coordinate is an aging sensitive reproducible color.
8. A system as in claim 1, wherein at least one illuminant
type of the set of at least five illuminant types comprises a
color-changing illuminant type.
9. A system as in claim 1, wherein the mapping uses a
selected set of hue-adjacent illuminant types to select a pre-
ferred color rendering.
10. A system as in claim 1, wherein the output level set
targets an optimal luminous intensity output level set.
11. A system as in claim 1, wherein the received color
coordinate is determined using a measurement of an existing
light source.
12. A system as in claim 1, wherein the received color
coordinate is determined using a measurement of an illumi-
nated surface.
13. A system as in claim 1, wherein an intensity is con-
trolled for the received color coordinate by scaling each out-
put level of the output level set proportionately.
14. A method for generating a colored light, comprising:
sorting a set of at least five illuminant types into a circular
order by hue angle, wherein the set of at least five illu-
minant types is associated with a chromaticity gamut,
and wherein each illuminant type of the set of at least
five illuminant types is associated with a hue angle;

determining, using a processor, combinations of adjacent
illuminant types of the set of at least five illuminant types
in the circular order;

receiving a color coordinate; and

determining, based at least in part on a mapping, an output

level set for the received color coordinate, wherein the
mapping comprises associating each color coordinate
with an output level set having an output level for each
illuminant type of the set of at least five illuminant types
using the combinations, wherein the output level for
each illuminant type is determined at least in part using
an interpolation of at least three chromaticity coordi-
nates, wherein each chromaticity coordinate of the at
least three chromaticity coordinates is determined at
least in part using an intensity for each illuminant type,
wherein the intensity targets a zero intensity or a full
intensity, wherein a circular ordered list of illuminant
types is circularly ordered according to an illuminant
type hue angle, and wherein for each chromaticity coor-
dinate all illuminant types of the set of at least five
illuminant types targeting the full intensity are adjacent
in the circular ordered list and all illuminant types of the
set of at least five illuminant types targeting the zero
intensity are adjacent in the circular ordered list.

15. A method as in claim 14, wherein the set of at least five
illuminant types comprises at least six illuminant types.

16. A method as in claim 14, wherein the output level set for
the color coordinate has an associated maximum level for at
least one illuminant type of the set of at least five illuminant

types.
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17. A method as in claim 16, wherein the associated maxi-
mum level is one of a plurality of associated maximum levels.
18. A method as in claim 14, wherein the color coordinate
is translated to a visually similar color coordinate, wherein
the visually similar color coordinate has a greater associated
luminous intensity than the luminous intensity associated
with the color coordinate.
19. A method as in claim 14, wherein the color coordinate
is translated to a visually similar color coordinate, wherein
the visually similar color coordinate comprises a reproduc-
ible color whereas the color coordinate is not a reproducible
color.
20. A method as in claim 14, wherein the color coordinate
is translated to a visually similar color coordinate, wherein
the visually similar color coordinate comprises a non-aging
sensitive reproducible color whereas the color coordinate is
an aging sensitive reproducible color.
21. Amethod as in claim 14, wherein at least one illuminant
type of the set of at least five illuminant types comprises a
color-changing illuminant type.
22. A method as in claim 14, wherein the mapping uses a
selected set of hue-adjacent illuminant types to select a pre-
ferred color rendering.
23. A method as in claim 14, wherein the output level set
targets an optimal luminous intensity output level set.
24. A method as in claim 14, wherein the color coordinate
is determined using a measurement of an existing light
source.
25. A method as in claim 14, wherein the color coordinate
is determined using a measurement of an illuminated surface.
26. A method as in claim 14, wherein an intensity is con-
trolled for the color coordinate by scaling each output level of
the output level set proportionately.
27. A computer program product for generating a colored
light, the computer program product being embodied in a
computer readable storage medium and comprising computer
instructions for:
sorting a set of at least five illuminant types into a circular
order by hue angle, wherein the set of at least five illu-
minant types is associated with a chromaticity gamut,
and wherein each illuminant type of the set of at least
five illuminant types is associated with a hue angle;

determining combinations of adjacent illuminant types of
the set of at least five illuminant types in the circular
order;

receiving a color coordinate; and

determining, based at least in part on a mapping, an output

level set for the received color coordinate, wherein the
mapping comprises associating each color coordinate
with an output level set having an output level for each
illuminant type of the set of at least five illuminant types
using the combinations, wherein the output level for
each illuminant type is determined at least in part using
an interpolation of at least three chromaticity coordi-
nates, wherein each chromaticity coordinate of the at
least three chromaticity coordinates is determined at
least in part using an intensity for each illuminant type,
wherein the intensity targets a zero intensity or a full
intensity, wherein a circular ordered list of illuminant
types is circularly ordered according to an illuminant
type hue angle, and wherein for each chromaticity coor-
dinate all illuminant types of the set of at least five
illuminant types targeting the full intensity are adjacent
in the circular ordered list and all illuminant types of the
set of at least five illuminant types targeting the zero
intensity are adjacent in the circular ordered list.
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