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(57) ABSTRACT

Disclosed examples of lighting systems having at least three
light sources of different colors may be controlled by validat-
ing input settings representing chromaticity and/or intensity
of desired light to be generated by determining if the respec-
tive lighting system is capable of generating the desired light.
This may involve comparing the chromaticity and/or inten-
sity to a three-dimensional gamut representing chromaticity
and associated intensities that the lighting system is capable
of generating. The top contour of the gamut represents the
maximum intensities for every chromaticity which the light-
ing system is capable of generating. Specifically the top con-
tour is defined by points representing the maximum attainable
intensities that each light source is capable of generating and
the maximum intensity attainable by the lighting system.
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SET-POINT VALIDATION FOR
COLOR/INTENSITY SETTINGS OF LIGHT
FIXTURES

FIELD OF THE INVENTION

[0001] The present subject matter relates to control of light-
ing systems having multiple light sources each of which are
capable of outputting different colors of light, based on a
determination that an input setting corresponds to an opera-
tional setting within the range of output performance of a
particular lighting system.

BACKGROUND

[0002] An increasing variety of lighting applications
require a precisely controlled spectral characteristic of the
radiant energy. It has long been known that combining the
light of one color with the light of another color creates a third
color. For example, the commonly used primary colors Red,
Green and Blue of different amounts can be combined to
produce almost any color in the visible spectrum. Adjustment
of'the amount of each primary color enables adjustment of the
spectral properties of the combined light stream. Recent
developments for selectable color systems have utilized light
emitting diodes or other solid state light sources as the sources
of the different light colors.

[0003] Light emitting diodes (LEDs) for example were
originally developed to provide visible indicators and infor-
mation displays. For such luminance applications, the LEDs
emitted relatively low power. However, in recent years,
improved LEDs have become available that produce rela-
tively high intensities of output light. These higher power
LEDs, for example, have been used in arrays for traffic lights.
Today, LEDs are available in almost any color in the color
spectrum.

[0004] Additionally, for many lighting applications, an
LED based fixture incorporates a circuit board supporting and
providing electrical connections to a number of individually
packaged LEDs. Often the LEDs are arranged in a fairly tight
matrix array (see e.g. U.S. Pat. No. 6,016,038), although a
variety of other arrangements are known. For example, U.S.
Pat. No. 6,995,355 to Rains, Jr. et al. discloses lighting sys-
tems using circular or linear arrangements of LED sets as well
as rectangular matrix arrangements and other position pat-
terns. In the noted examples, the sets of LEDs have included
LEDs configured for emitting different individual colors or
wavelengths (e.g. red, green and blue), although the U.S. Pat.
No. 6,995,355 patent also suggests inclusion of white LEDs
or other white light sources. The red, green and blue light
allows adjustment and control of the character of the com-
bined light emitted by the system. As the quality of white
LEDs continues to improve, newer lights will utilize similar
arrangements of LEDs where all or some the LEDs are white
LEDs. Even with white light systems, some implementations
use multiple colors and light mixing to provide color tem-
perature adjustment.

[0005] Itis well known that many different combinations of
wavelengths can produce the same perception of color, and
that “Chromaticity” has been long been used to describe the
perceived color of a visual stimulus of a human. Many models
have been used describe Chromaticity. In one implementa-
tion, the CIE system characterizes a given visual stimulus by
a luminance parameter Y and two chromaticity coordinates x
and y that specify a particular point on the well-known chro-
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maticity diagram. The CIE system parameters Y, X and y are
based on the spectral power distribution of the energy emis-
sion from a light source. This model also takes into consid-
eration various color sensitivity functions which correlate
generally with the response of the human eye.

[0006] Also, commonly used primary colors Red, Green
and Blue of different amounts can be combined to produce
almost any color in the visible spectrum in a lighting system.
These colors can be represented by the CIE tristimulus val-
ues, commonly referred to as X, Y, and Z, respectively, and as
illustrated by FIG. 16. Thus, the CIE xyY coordinates may be
converted to CIE XYZ coordinates for controlling aforemen-
tioned LEDs using the following equations:

X = x Y (Eqn. A)
y
Y=Y (Eqn. B)
Z_l—x—yy (Eqn. C)
y
[0007] However, LEDs have different operating character-

istics such that no two LEDs are producing the identical color
of light or intensity. If mass producing light fixtures that
produce combined light, it is conceivable that no two light
fixtures are able to produce the same light for all input set-
tings. Hence, a need exists for a way to validate input settings
to an LED fixture so as to avoid generating unintended light,
and to perform the task in an efficient manner that can be
implemented on a large production scale. Preferably, such a
technique should offer an increased degree of responsiveness
to user inputs.

SUMMARY

[0008] The teachings herein alleviate one or more of the
above noted problems by providing methods for defining
operational limitations and/or lighting system and/or control
of'a lighting system comprising at least first, second and third
light sources generating light of respective first, second and
third colors. Also, the lighting system is configured to output
light containing controlled amounts of light generated by at
least one of the first, second and third light sources.

[0009] The operational limitations of the lighting system
may be determined by determining a first maximum attain-
able intensity of light by measuring light output from the
lighting system where the first light source is turned on and
the second and third light sources are turned off. This is
repeated for the second and third light sources. Specifically, a
second maximum attainable intensity of light may be deter-
mined by measuring light output from the lighting system
where the second light source is turned on and the first and
third light sources are turned off. Also, a third maximum
attainable intensity of light may be determined by measuring
light output from the lighting system where the third light
source is turned on and the first and second light sources are
turned off. A maximum intensity of light attainable by the
system represented by light generated by the first, second and
third light sources may be determined as well. Accordingly,
the lighting system may be set to determine whether or not
desired light corresponding to a given input setting to the
lighting system is within a three-dimensional gamut repre-
senting colors of light and corresponding attainable intensi-
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ties that the lighting system is capable of generating. The top
contour of the gamut is defined by points corresponding to the
first, second and third maximum attainable intensities and the
maximum intensity of light attainable by the lighting system.

[0010] Another implementation of novel concepts dis-
cussed herein is a method for processing input color param-
eters of chromaticity and intensity to a lighting system and
controlling illumination outputs of a plurality of light sources
of the lighting system to generate a desired color of light
corresponding to the input color parameters. This may be
accomplished by determining whether the input color param-
eters of chromaticity and intensity places the desired color
inside or outside of a gamut representing colors of light of
which the lighting system is capable of generating. The gamut
is defined by a 3-dimensional coordinate system whereby
each axis thereof corresponds to chromaticity or intensity
values. Accordingly, the plurality of light sources are driven
to emit light having the desired color when the input color
parameters of chromaticity and intensity places the desired
color within the gamut.

[0011] The foregoing may be implemented in a system for
emitting light. The system includes a plurality of light sources
for emission of light and for thereby producing visible light to
form a light at least of portion of which is output from the
system and a microcontroller for processing newly user input-
ted color parameters and controlling illumination emissions
of the plurality of light sources. The microcontroller is con-
figured to evaluate the gamut defined by the 3-dimensional
coordinate system of chromaticity and intensity values,
where the gamut is representative of colors of light in which
the system is capable of generating. Moreover, the microcon-
troller executes the method described above for determining
if the system is capable of generating light of the desired
color.

[0012] Yet another implementation of the novel concepts
discussed herein is a method for correcting a color parameter
corresponding to a desired color having specific chromaticity
and intensity values that is input to a lighting system com-
prising a plurality of light sources for generating light where
the lighting system is not capable of generating light corre-
sponding to the desired color. This may be accomplished by
evaluating at least one of specific chromaticity and intensity
values with respect to a gamut representing colors of light of
which the lighting system is capable of generating where the
gamut is defined by a 3-dimensional coordinate system. Each
axis of the gamut corresponds to chromaticity or intensity
values. Also, at least one of the specific chromaticity and
intensity values to be corrected is such as to place the desired
color outside of the gamut. Accordingly, the at least one of the
specific chromaticity and intensity values may be changed to
select a color within the gamut.

[0013] The foregoing may be implemented in a system for
emitting light. The system includes a plurality of light sources
for emission of light and for thereby producing visible light to
form a light at least of portion of which is output from the
system and a microcontroller for processing newly user input-
ted color parameters and controlling illumination emissions
of the plurality of light sources. The microcontroller is con-
figured to evaluate the gamut defined by the 3-dimensional
coordinate system of chromaticity and intensity values,
where the gamut is representative of colors of light in which
the system is capable of generating. Moreover, the microcon-
troller executes the method described above for adjusting the
newly input color parameters.
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[0014] The detailed description below discloses details of
the aforementioned methods as well as methods of operating
a lighting system that has been set as described herein. More-
over, the detailed description describes such a lighting appa-
ratus that is capable of being set in the described manner.
[0015] Additional advantages and novel features will be set
forth in part in the description which follows, and in part will
become apparent to those skilled in the art upon examination
of the following and the accompanying drawings or may be
learned by production or operation of the examples. The
advantages of the present teachings may be realized and
attained by practice or use of the methodologies, instrumen-
talities and combinations particularly pointed out in the
appended claims.

DESCRIPTION OF THE DRAWINGS

[0016] The drawing figures depict one or more implemen-
tations in accord with the present teachings, by way of
example only, not by way of limitation. In the figures, like
reference numerals refer to the same or similar elements.

[0017] FIG.1illustrates an LED light fixture and associated
components.
[0018] FIG. 2 provides a pictorial representation of a three-

dimensional gamut of determined chromaticity and intensity
values of which a given solid state lighting system is capable
of generating.

[0019] FIG. 3 provides another pictorial representation of a
three-dimensional gamut of determined chromaticity and
intensity values of which a given solid state lighting system is
capable of generating where the gamut represents a larger
number of intensities capable of being generated by the solid
state lighting system when compared to that of FIG. 2.
[0020] FIG. 4 provides a pictorial representation compar-
ing the gamuts of FIGS. 2 and 3.

[0021] FIG. 5 illustrates an example of electrical compo-
nents of a solid state lighting system and components for
setting the solid state lighting system.

[0022] FIG. 6 illustrates a block diagram of the control
circuitry for a solid state lighting system in accordance with
the disclosed concepts.

[0023] FIG. 7 illustrates a first exemplary configuration of
control circuitry for controlling a plurality of light fixtures.

[0024] FIG. 8 illustrates an array of outputs of a number of
light fixtures.
[0025] FIG. 9 illustrates a second exemplary configuration

of control circuitry for controlling a plurality of light fixtures.
[0026] FIG. 10 illustrates the processing flow for validating
a given chromaticity corresponding to an input setting to the
solid state lighting system described herein to determine if the
lighting system is capable of generating light having the given
chromaticity.

[0027] FIGS. 11A and B illustrate the processing flow for
validating a given intensity corresponding to an input setting
to the solid state lighting system described herein to deter-
mine if the solid state lighting system is capable of generating
light having the given intensity.

[0028] FIG. 12 provides a partial pictorial representation of
the gamut of F1G. 3 for illustrating which planes of the gamut
are evaluated for a given input of chromaticity and intensity.
[0029] FIG. 13 provides a partial pictorial representation of
the gamut of FIG. 3 in the x-y plane for illustrating which
planes of the gamut are evaluated for a given input of chro-
maticity and intensity.

[0030] FIG. 14 illustrates a gamut in the x-y plane.
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[0031] FIG. 15 illustrates a gamut in the x-y plane.
[0032] FIG. 16 illustrates a known CIE Chromaticity dia-
gram.
DETAILED DESCRIPTION
[0033] Inthe following detailed description, numerous spe-

cific details are set forth by way of examples in order to
provide a thorough understanding of the relevant teachings.
However, it should be apparent to those skilled in the art that
the present teachings may be practiced without such details.
In other instances, well known methods, procedures, compo-
nents, and circuitry have been described at a relatively high-
level, without detail, in order to avoid unnecessarily obscur-
ing aspects of the present teachings.

[0034] The examples presented below provide solutions to
the aforementioned problems of generating unintended light
in the conventional lighting art. Specifically, the inventors
have found that solid state lighting systems may be set to
generate combined light having desired colors and intensities
of which the lighting system is capable of generating. Con-
sider for example a light distribution apparatus or system 100
as illustrated by FIG. 1, which is a partial block diagram and
a cross-sectional illustration of the light fixture. For illumi-
nation or task lighting applications, the fixture emits light in
the visible spectrum. However, when using multiple such
fixtures, color and/or intensity of light may appear different
from fixture to fixture for the same input setting. This typi-
cally occurs when multiple fixtures are controlled to generate
a color and/or intensity of which at least one of the fixtures is
incapable of generating. The inventors have found a way to
manage the foregoing problem by validating the input setting
to each fixture by determining whether the respective fixture
is capable of generating light according to the input setting. If
validated, the light fixture may generate the corresponding
light. If invalid, the light fixture may be controlled to not
output any light or controlled to output light where color
and/or intensity settings have been adjusted specific to the
capabilities of the light fixture. However, before further dis-
cussion, it is helpful to first understand the make up of such an
exemplary fixture.

[0035] FIG. 1 depicts a lighting system 100, by way of
example, of a type that may be configured to respond to input
settings as taught herein to generate light output. Those
skilled in the art will recognize the present teachings are
applicable to other lighting systems. In FIG. 1, the illustrated
system 100 includes an optical cavity 102 having a diffusely
reflective interior surface, to receive and combine light energy
of different colors/wavelengths. The disclosed apparatus may
use a variety of different structures or arrangements for the
optical integrating cavity. The illustrated cross-section of the
optical cavity 102 is approximately hemispherical. However,
the optical cavity 102 may have various shapes such as semi-
cylindrical with the cross-section taken perpendicular to the
longitudinal axis. Other applications may call for rectangular
or square cross-sections.

[0036] At least a substantial portion of the interior surface
(s) of the optical cavity 102 exhibit(s) diffuse reflectivity. It is
desirable that the cavity surface have a highly efficient reflec-
tive characteristic, e.g. a reflectivity equal to or greater than
90%, with respect to the relevant light wavelengths. For
example, the interior surface of that illustrated by FIG. 1 is
highly diftusely reflective to energy in the visible, near-infra-
red, and ultraviolet wavelengths.
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[0037] As illustrated by FIG. 1, a hemispherical dome 104
and a substantially flat cover plate 106 form the optical cavity
102. However, other arrangements may be available. In the
example the interior facing surfaces of the dome 104 and the
cover plate 106 are highly diffusely reflective, so that the
resulting cavity 102 is highly diffusely reflective with respect
to the radiant energy spectrum produced by the system 100. In
other arrangements, a portion or all of the inner surface of the
dome 104 have a highly efficient reflective characteristic, e.g.
a reflectivity equal to or greater than 90%, with respect to the
relevant wavelengths, and the facing surface ofthe cover plate
106 is at least substantially specular in nature. In such
arrangements, the volume or chamber 102 is an integrating
type optical cavity. Although shown as separate elements, the
dome 104 and plate 106 may be formed as an integral unit.
[0038] The optical integrating cavity 102 has an optical
aperture 108 as a transmissive path for allowing emission of
combined radiant energy. In the example, the aperture 108 is
a passage through the approximate center of the cover plate
106, although the aperture may be at any other convenient
location on the plate or the dome. Because of the diffuse
reflections within the cavity 102, light within the cavity is
integrated, mixed or combined before passage thereof out of
the aperture 108. In other words, the system 100 is capable of
emitting combined light downward through the aperture 108.
However, the light fixture part of the system 100 may be
oriented in any desired direction to perform a desired appli-
cation function, for example to provide visible illumination of
persons or objects in a particular direction or location with
respect to the fixture or to illuminate an area or room.
Although only a single aperture is shown, the fixture 112 may
include multiple apertures. Also, in some applications, it may
be desirable for some of the light combined within the cavity
102 to pass through a transmissive portion of the cavity wall.
[0039] The system 100 also includes light emitting diodes
(LEDs) 110 as the sources of light energy although other
types of light sources, such as other solid state light emitters,
may beused. In the example, the sources are different primary
color (RGB) LEDs 110, two of which (Red and Green) are
visible in the illustrated cross-section. The Blue LED (not
shown) would be seen in a different cross section. Although
only one LED of each color is shown, typical implementa-
tions use a plurality of LEDs of one or more or all of the
colors.

[0040] The LEDs 110 supply light energy into the interior
of the optical integrating cavity 102. As shown, the points of
emission into the interior of the optical integrating cavity are
not directly visible through the aperture 108. Direct emissions
from the sources reflect off a surface of the cavity 102. The
cavity 102 effectively integrates, mixes or combines the light
energy of different colors, so that the integrated or combined
light emitted through the aperture 108 includes the light
energy of all the various wavelengths in relative amounts
substantially corresponding to the relative amounts that the
sources input into the cavity 102. The diffuse reflective pro-
cessing by the cavity converts the multiple point sources to a
virtual source of light, of the combined light color and inten-
sity at the aperture 108. The virtual source will have a high
degree of uniformity across the area of the aperture and typi-
cally will not exhibit pixilation.

[0041] The dome 104 and cover plate 106 forming the
cavity 102, together with the LEDs 110 and possibly one or
more processing elements for processing the light output
through the aperture 108 (such as a deflector (not shown)),
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form a light fixture 112. The integrating or mixing capability
of'the cavity 102 serves to project light of any color, including
white light, by adjusting the amount of light output by the
various sources 110 coupled into the cavity 102. U.S. Pat. No.
6,995,355 to Rains, Jr. et al., the disclosure of which is
entirely incorporated herein by reference, provides additional
information as to the materials; structure and configuration of
numerous examples of systems and various elements thereof
of the type exemplified by FIG. 1.

[0042] In the illustrated example, control of the drive cur-
rents applied to drive light production by the LEDs 110 con-
trols the color characteristics of the combined light output by
the fixture 112. Those skilled in the art will recognize that the
circuitry may also modulate the drive signals to control
amounts of energy output by each solid state lighting element.
Examples of the control circuit 114 will be discussed in detail
below.

[0043] As discussed above, multiple fixtures tend to gener-
ate light of different color and/or intensity where the input
parameters are near or beyond the output limitations of the
multiple fixtures. This occurs when spectral output character-
istics from one LED 110 to the next differ. Taking a red LED
110 as an example, one red LED may be capable of generating
vibrant red colors of light at a maximum intensity whereas
another LED may be capable of generating less vibrant red
colors of light at a maximum intensity. Two light fixtures, as
shown in exemplary FIG. 1, with such LEDs will have differ-
ent output characteristics due to the difference in spectral
output of the red LEDs when the LEDs of the two fixtures are
driven with the same current levels. This problem compounds
as more and more of the same fixtures are manufactured and
are used in the same setting where differences between like
light fixtures are more prevalent. In other words, two different
fixtures may generate noticeably different output light for the
same input setting. Various techniques are known for setting
systems to provide substantially similar light outputs for a
given input setting. The inventors have found that a light
fixture can validate light input settings to generate light of
which the fixture are capable of generating.

[0044] The foregoing may be accomplished by setting each
fixture to generate light for color parameter input settings
and/or configuring the system to determine if input settings
correspond to light outputs that fall within a gamut which
represents the range of color and/or intensities of light of
which the fixture is capable of generating. The gamut may be
based on the CIE 1931 Chromaticity Diagram space, such as
that illustrated by FIG. 15, specific for the operating condi-
tions of each light fixture. This Chromaticity Diagram space
uses a Cartesian coordinate system with points defined as (x,
y, 7), which can be converted to (X, ¥, Y) coordinates as
described above. The x and y-coordinates define a chroma-
ticity, and Y-coordinates define intensity. All colors and cor-
responding intensities within the gamut are achievable for a
given fixture, while all colors and corresponding intensities
outside of the gamut cannot be achieved for the given fixture.
[0045] The gamut can be defined by a few key points in a
3-d coordinate system having X, y, Y axes. For instance, it is
impossible to achieve chromaticity points outside of the
gamut, because chromaticities are achieved by mixing certain
proportions of the color of respective LEDs in a given fixture.
Therefore, a footprint of the gamut, i.e., the gamut in the x-y
plane of the 3-d coordinate system, may be a triangle formed
by connecting points representing each of the colors of the
LEDs in a given fixture. As described herein, the primary
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colors of red, green and blue correspond to the colors of the
LEDs. However, defining the gamut in the foregoing manner
sets a limitation on the (x,y) coordinates (i.e., chromaticity),
but does not limit the Y-coordinates (i.e., intensity). To com-
plete the gamut, the intensity limitations need to be described.
[0046] Light intensity is additive regardless of chromatic-
ity. For example, the intensity of light which is composed of
a red LED output at intensity Y,, a green LED output at
intensity Y,, and a blue LED output at intensity Y yields a
total intensity of Y,,,,~=Y,+Y,+Y;. Using the additive prin-
ciple, the limitations on the maximum intensity that a fixture
can generate can be determined. Therefore, a lighting system
will generate a maximum attainable intensity which is pos-
sible for the system when all LEDs of the system are set to
respective maximum intensities.

[0047] FIG.2 illustrates the gamut 200 defined according to
the 3-d coordinate system as described above. Point 202
represents the (X,y) coordinate for the color of green on the
3-d coordinate system when the green LED is turned on and
the blue and red LEDs are turned off. Point 204 represents the
intensity measurement for the color at point 202. Specifically,
on the 3-d coordinate system, the height of point 204 corre-
sponds to the (Y) value of the (x,y,Y) coordinate that repre-
sents a maximum attainable intensity of light when the green
LEDis on at a maximum output. Moreover, the (Y) value may
be determined using the calibrated sensor discussed below
withrespectto FIG. 5. Similarly, points 208 and 210 represent
the (x,y) coordinate for the color of red and the associated
maximum attainable intensity (the (Y) value) of light when
the red LED is on at a maximum output and the green and blue
LEDs are turned off. Point 206 represents the (x,y) coordinate
for the color of blue, and the highest of point 207 corresponds
to the associated maximum attainable intensity of light when
the blue LED is on at a maximum output and the red and green
LEDs are turned off. As just described, the gamut 200 may be
defined according to at least four (x,y,Y) points. The intensity
values (Y) for the respective colors typically will differ, e.g.
depending on the number of respective color LEDs and/or
differences in LED performance. In other words, the follow-
ing points are measured: (1) intensity when the red LED is on
ata maximum output; (2) intensity when the green LED is on
ata maximum output; and (3) intensity when the blue LED is
on at a maximum output. The fourth point 212 corresponds to
a summation of all measured intensities (1)-(3), which corre-
sponds to white light. However, this point may be measured
by turning on red, green and blue LEDs at respective maxi-
mum outputs. In this simple example, the points 204, 207,
210, and 212 form a roughly pyramidal top or upper boundary
of the gamut.

[0048] Points 202,204, 206, 207, 208 and 210 form planes
which form facets of the gamut 200. Specifically, a first plane
214 having points 202, 204,207 and 206 bound one side of the
gamut 200; a second plane 216 having points 206, 207, 208
and 210 bound another side; and a third plane 218 having
points 202, 204, 208 and 210 bound yet another side of the
gamut 200. Where each plane 214, 216, 218 intersect delin-
eates the outer boundary of the gamut 200. The lower bound
ofintensity is when all LEDs are off. This forms a fourth plane
220 that is defined by the equation Y=0 corresponding to
points 202, 206 and 208.

[0049] As discussed above, the intensity measurements
when each respective LED is turned on and the other respec-
tive LEDs are turned off may be summed to determine the
maximum attainable intensity of light that a lighting system is
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capable of generating. Alternatively, the maximum attainable
intensity of light that a lighting system is capable of generat-
ing may be determined by turning all LEDs on to respective
maximum outputs and measuring the intensity of light using
acalibrated sensor, as discussed below with respect to FIG. 5.
In a system using red, green and blue LEDs corresponding to
the primary colors, when all LEDs are turned on the lighting
system generates white light. When all such LEDs are turned
on to maximize respective outputs, the lighting system gen-
erates white light of a particular color (e.g. temperature) at an
intensity equal to the maximum attainable intensity of the
lighting system. In FIG. 2, the white light at the maximum
attainable intensity of the system corresponds to point 212.
Because the outputs of all LEDs are maximized, point 212
corresponds to the apex of the gamut 200.

[0050] Points 212, 204 and 207 form a fifth plane 222;
points 212, 210 and 207 form a sixth plane 224; and points
212, 210, and 204 form a seventh plane 226, all of which
intersect at point 212 forming the apex of the gamut 200.
Moreover, these planes form a top contour of the gamut 200.
Furthermore, the first plane 212 and fifth plane intersect at a
line formed by points 204 and 207. Other planes intersect
forming lines, as illustrated. Accordingly, the shape of the
gamut 200 may be defined by a plurality of intersecting
planes. The lines formed by intersecting planes form facets of
the gamut having polygonal shapes.

[0051] Additionally, other colors of light and associated
intensities may be measured for defining the gamut to a
greater accuracy, such as that illustrated by FIG. 3. Specifi-
cally, the gamut 300 of FIG. 3 comprises ten intersecting
planes to form ten polygonal facets of the gamut 300. The
same points as discussed above with respect to FIG. 2 are
maintained. However, the additional colors of light and asso-
ciated intensities are generated by turning two of the three
LEDs on and the other off in all combinations. For example,
point 302 represents the color of cyan when both green and
blue LEDs are turned on. Point 304 corresponds to the maxi-
mum achievable intensity when both green and blue LEDs are
turned on to maximum outputs. Point 306 represents the color
of magenta when both red and blue LEDs are turned on. Point
308 corresponds to the maximum achievable intensity when
both red and blue LEDs are turned on to maximum outputs.
Point 310 represents the color of yellow when both red and
green LEDs are turned on. Point 311 corresponds to the
maximum achievable intensity when both red and blue LEDs
are turned on to maximum outputs.

[0052] Inthis example, the gamut 300 is formed by at least
ten intersecting planes—the first plane 312 contains at least
points 202, 204, 304, 207, and 206; the second plane 314
contains points 207, 304 and 212; and so on for each facet of
the gamut 300 as illustrated. The intersecting planes form a
plurality of facets of the gamut 300 where each facet has a
polygonal shape, as illustrated by FIG. 3. In other words, the
shape of the gamut 300 for the maximum achievable intensi-
ties can be described with several planes which are defined by
all combinations of the red, green, blue, yellow, cyan,
magenta, and white points. All planes will converge on the
white point or apex 212. These planes which converge at the
point 212 corresponding to the apex represent the top contour
of the gamut 300. The lower bound of intensity is when all
LEDs are off. This forms one plane that is defined by the
equation Y=0 or points 202, 206, and 208.

[0053] FIG. 4 illustrates gamut 200 superimposed on
gamut 300. As can be seen, factoring other colors as discussed
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above provides a gamut 300 which covers a broader range of
intensities 402 of which the lighting system is capable of
generating. However, as discussed further below, an lighting
system which is set according to gamut 300, for example,
would require greater computation to determine whether or
not an input color parameter is within the gamut.

[0054] The lighting system such as that illustrated by FIG.
1 may be set to output light that has a coordinate in the 3-d
system that is within the gamut 200 or 300 or similar shaped
gamut. In fact, the technique discussed below and exemplary
fixture geometry discussed herein may be used with any
appropriate type of sources of radiant electromagnetic
energy. Exemplary sources of radiant electromagnetic energy
include various conventional forms of incandescent, arc,
neon and fluorescent lamp. Typically, at least some of the
sources take the form of solid state light emitting elements. As
discussed herein, solid state light emitting elements essen-
tially includes any of'a wide range light emitting or generating
device formed from organic or inorganic semiconductor
materials. Examples of solid state light emitting elements
include semiconductor laser devices. Many common
examples of solid state lighting elements are classified as a
different types of “light emitting diodes” or “LEDs.” This
class of devices encompasses any and all types of semicon-
ductor diode devices that are capable of receiving an electri-
cal signal and producing a responsive output of electromag-
netic energy. Thus, the term “LED” should be understood to
include light emitting diodes of all types, light emitting poly-
mers, organic diodes, and the like. LEDs may be individually
packaged, as in the illustrated examples. Of course, LED
based devices may be used that include a plurality of LEDs
within one package, for example, multi-die LEDs that contain
separately controllable R, G and B LEDs within one package.
Those skilled in the art will recognize that “LED” terminol-
ogy does not restrict the source to any particular type of
package for the LED type source. Such terms encompass
LED devices that may be packaged or non-packaged, chip on
board LEDs, surface mount LEDs, and any other configura-
tion of the semiconductor diode device that emits light. Solid
state lighting elements may include one or more phosphors
and/or nanophosphors based upon quantum dots, which are
integrated into elements of the package or light processing
elements to convert at least some radiant energy to a different
more desirable wavelength.

[0055] The color of light or other electromagnetic radiant
energy relates to the frequency and wavelength of the radiant
energy and/or to combinations of frequencies/wavelengths
contained within the energy. Many of the examples relate to
colors of light within the visible portion of the spectrum,
although the teachings may also apply to systems that utilize
or emit other energy.

[0056] It also should be appreciated that solid state light
emitting elements may be configured to generate electromag-
netic radiant energy having various bandwidths for a given
spectrum (e.g. narrow bandwidth of a particular color, or
broad bandwidth centered about a particular), and may use
different configurations to achieve a given spectral character-
istic. For example, one implementation of a white LED may
utilize a number of dies that generate different primary colors
which combine to form essentially white light. In another
implementation, a white LED may utilize a semiconductor
that generates light of a relatively narrow first spectrum that
acts as a pump. The light from the diode “pumps” a phosphor
material or quantum dots contained in the LED package,
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which in turn radiates a different typically broader spectrum
of light that appears relatively white to the human observer.
[0057] FIG. 5 illustrates a high-level block diagram of a
lighting system 500 and sensors used to control and set the
lighting system 500. Specifically, the lighting system 500
includes a microcontroller unit 502 which controls the digi-
tal-to-analog converters and LED drivers 504 for controlling
the LED light sources 506. The system 500 which outputs
combined light (examples of the manner in which the set of
LED light sources 100 output combined light is discussed
above with FIG. 1). In a system 500 intended to produce a
wide variety of combined light output colors, the set of LEDs
506 will include one or more LEDs of each of two, three or
more light colors. At least for each different color of the
LEDs, there will be an associated digital-to-analog converter
and LED driver to control the output amount of that color of
light. While FIG. 1 illustrates LED light sources 506, typi-
cally red (R), green (G) and blue (B) LEDs, it should be
appreciated that other solid state light emitting elements
could be used as described above. The lighting system 500
also includes a sensor 408 discussed below.

[0058] It is useful to set the lighting system 500 of FIG. 5§
according to its operational limitations because when the
input 510 is applied to the LED light sources 506 in RGB
coordinates 512, the spectral output of each LED light source
506 tends to be slightly different from fixture to fixture as
compared to the desired output represented by the input 510.
Specifically, the color of light output by combination of light
from the LED light sources 506 may be different from the
desired color represented by the input 510 for the reasons
described above. Also, it should be appreciated that while
FIG. 5 illustrates an input 510 in chromaticity coordinates
xyY, the input may be tristimulus values XYZ or even RGB
values. An input 510 of RGB values may be applied to the
MCU 502 or directly to the digital and analog converter and
LED drivers 504. However, for explanation purposes, this
description refers to the color and/or intensity input setting
values 510 in chromaticity coordinates xyY applied to the
MCU 502. In operation, the color input setting 510 may come
from a user interface device or a central control system;
although during calibration or setting up the system, the input
settings 510 may be automatically input, e.g. by computer
514.

[0059] In FIG. 5, setting up the lighting system may be
achieved by interfacing a calibrated sensor 516 and computer
514 with the lighting system 500. The sensor 516 is config-
ured to sense and measure intensity of the spectral output of
the LED light sources 506, and output measurements 518
containing at least intensity (Y) measurements. The sensor
may be configured to measure chromaticity (x,y) as well.
However, it should be appreciated that measurements may be
taken in or converted to tristimulus coordinates, such as XYZ
or other coordinates that take into account various color sen-
sitivity functions which correlate generally with the response
to the human eye and converted to an intensity value. The
computer 514 receives measurements from the sensor 516.
[0060] Using the measurements 518 output by the sensor
516, the computer 514 determines a gamut of chromaticity
and intensity values in which the system 500 is capable of
generating. For example, for ease of computation, the gamut
may be represented by a formation of intersecting planes, as
illustrated by FIGS. 2 and 3. Points in the 3-d coordinate
system representing the formation may be loaded into the
MCU 502 or stored in external memory (not shown) for use
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when the system 500 is in actual operation to determine
whether or not an input 510 can be displayed by the given
optical system. The particulars of the measurements taken
will be discussed further below.

[0061] FIG. 6 illustrates a block diagram of the control
circuitry for a lighting system in accordance with the dis-
closed concepts. In the circuit of FIG. 6, the set of sources of
light of the various types takes the form of a LED array 602
containing the plurality of LEDs 110 forming the fixture 112
such as that illustrated by FIG. 1. The control circuitry of FIG.
6 may control a plurality of fixtures 112 in various configu-
rations such as that illustrated by FIG. 8. However, it should
be appreciated that many other configurations of the plurality
of fixtures 112 are indeed possible. Also, as illustrated by
FIG. 7, the control circuitry 612 separately controls the plu-
rality of Red LEDs, the plurality of Green LEDs, the plurality
of Blue LEDs, etc. (discussed below) in the plurality of fix-
tures 112. Alternatively, as illustrated by FIG. 9, the system
may include a plurality of control circuits 612 each for con-
trolling a respective fixture 112 among a plurality of light
fixtures 112. In this configuration, master control circuitry
902 may be used to control the plurality of the control circuits
612. However, it should be appreciated that the control cir-
cuitry discussed herein is applicable in many different
arrangements where the control circuitry controls multiple
sets of LEDs or dedicated control circuitry controls each one
of a plurality of sets of LEDs.

[0062] Turning back to FIG. 6, the LED array 602 com-
prises two or more LEDs of each of the three primary colors
red (R), green (G) and blue (B), each of which is represented
by LED blocks 604, 606 and 608. As discussed above, these
LED blocks may connect to one fixture 112 or span a plurality
of such fixtures 112. Either configuration is possible. More-
over, the array 602 is not limited to RGB LEDs. White LEDs
also may be included, or white LEDs of two or more different
color characteristics may be substituted for the RGB LEDS.
[0063] The LED array 602 may also include a number of
additional or ‘other’ LEDs 610. For example, the LED array
602 may include white, IR or UV LEDs for various purposes
or additional LEDs as “sleepers” that initially would be inac-
tive. For example, using the circuitry of FIG. 6 as an example,
the Red LEDs 604, Green LEDs 606 and Blue LEDs 608
might normally be active. The LEDs 610 would be sleeper
LEDs, typically including one or more LEDs of each color
used in the particular system. Sleeper LEDs may be activated
when needed, typically in response to feedback indicating a
need for increased output (e.g. due to decreased performance
of the originally active LEDs).

[0064] The electrical components shown in FIG. 6 also
include a LED control system 612. The control system 612
includes LED driver circuits 624, 626, 628, 630 for the vari-
ous LEDs as well as a microcontroller 614. The microcon-
troller 614 controls the LED driver circuits 624, 626, 628, 630
via digital-to-analog (D/A) converters 616, 618, 620, 622.
More particularly, the driver circuit 624 drives the Red LEDs
604; the driver circuit 626 drives the green LEDs 606; and the
driver circuit 628 drives the Blue LEDs 608. In a similar
fashion, when active, the driver circuit 630 provides electrical
current to the other LEDs 610. If the other LEDs provide
another color of light, and are connected in series, there may
be a single driver circuit 630. If the LEDs are sleepers, it may
bedesirable to provide a separate driver circuit 630 for each of
the LEDs 610. The intensity of the emitted light of a given
LED 604, 606, 608, 610 is proportional to the level of current
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supplied by the respective driver circuit 624, 626, 628, 630.
The current output of each driver circuit is controlled by the
higher level logic of the system.

[0065] The driver circuits 624, 626, 628, 630 supply elec-
trical current at the respective levels for the individual sets of
LEDs 604, 606, 608, 610 to cause the LEDs 604, 606, 608,
610 to emit light. For example, the microcontroller 614 con-
trols the LED driver circuit 624 via a D/A converter 616, and
the microcontroller 614 controls the LED driver circuit 626
via a D/A converter 618. Similarly, the microcontroller 614
controls the LED driver circuit 628 via a D/A converter 620.
The amount of the emitted light of'a given LED set 604, 606,
608 is related to the level of current supplied by the respective
driver circuit 624, 626, 628.

[0066] In a similar fashion, the microcontroller 614 con-
trols the LED driver circuit 630 via the D/A converter 622.
When active, the driver circuit 630 provides electrical current
to the other LEDs 610. If the LEDs are sleepers, it may be
desirable to provide a separate driver circuit and D/A con-
verter pair, for each of the LEDs 610 or for other sets of LEDs
of the individual primary colors.

[0067] The LED driver circuits 624, 626, 628, 630, the D/A
converters 616, 618, 620, 622 and the microcontroller 614
receive power from a power supply 632, which is connected
to an appropriate power source (not separately shown). For
most illumination applications, the power source will be an
AC line current source, however, some applications may uti-
lize DC power from a battery or the like. The power supply
632 provides AC to DC conversion if necessary, and converts
the voltage and current from the source to the levels needed by
the LED driver circuits 624, 626, 628, 630 the D/A converters
616, 618, 620, 622 and the microcontroller 614.

[0068] Inoperation, taking as example the operation of the
Red LED 604, the D/A converters 616 receives a command
for a particular level from the microcontroller 614. In
response, the converter 616 generates a corresponding analog
control signal, which causes the associated LED driver circuit
624 to generate a corresponding power level to drive the Red
LED 604. The Red LED 604 in turn outputs light of a corre-
sponding intensity. The D/A converter 624 will continue to
output the particular analog level, to set the red LED 604
intensity in accord with the last command from the micro-
controller 614, until the microcontroller 614 issues a new
command to the D/A converter 616. The other D/A converters
618, 620, 622, the LED driver circuits 626, 628, 630 and
LEDs 606, 608, 610 operate in a similar fashion.

[0069] The example uses current control, to control the
amount of light output of each block of LEDs, and thus the
light contribution thereof to the combined light output of the
system. Those skilled in the art will recognize that other
control techniques may be used, such as various forms of
controlled pulse modulation.

[0070] Though not illustrated, the microcontroller 614
typically includes or has coupled thereto random-access
memory (RAM) for storing data and read-only memory
(ROM) and/or electrically erasable read only memory (EE-
ROM) for storing control programming and any pre-defined
operational parameters. The microcontroller 614 itself com-
prises registers and other components (not shown) for imple-
menting a central processing unit (CPU) and possibly an
associated arithmetic logic unit (not shown). The CPU imple-
ments the program to process data in the desired manner and
thereby generate desired control outputs.
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[0071] The microcontroller 614 is programmed to control
the LED driver circuits 624, 626, 628, 630 to set the individual
output intensities of the LEDs to desired levels, so that the
combined light emitted from the aperture 108 of the cavity
102 has a desired spectral characteristic and a desired overall
intensity. The microcontroller 614 may be programmed so
that when it receives control inputs via a user interface 640
specifying the particular color, it translates color input values
into appropriate control values, as discussed further below.
For discussion purposes, the user interface 640 is shown as an
element of the system closely associated with the microcon-
troller 614 and other electrical elements of the lighting sys-
tem. However, those skilled in the art will recognize that the
system may include a communication interface or other link
to a remote device or to some other system that provides the
user interface (see e.g. above-incorporated U.S. Pat. No.
6,995,355 to Rains, Ir. et al., for additional information).
[0072] To insure that the desired mixture is maintained, the
microcontroller 614 receives information concerning the
light output from a feedback sensor 634. The feedback sensor
634 may include a color sensor 636 which measures the
frequency distribution (e.g. intensity of multiple frequency
components) of the combined light. Other types of feedback
sensors, such as a thermal temperature sensor 638 may be
used, for example, in or near the optical integrating cavity
102. While the feedback sensor 634 as illustrated includes
both a thermal temperature sensor 638 and the color sensor
636, the feedback sensor 634 may contain only one or the
other. Although not separately shown, the system may
include a separate intensity sensor, or the microcontroller
may control the sensor 636 to also provide an overall indica-
tion of intensity.

[0073] Ifprovided, the thermal temperature sensor 638 may
be a simple thermo-electric transducer with an associated
analog to digital converter, or a variety of other temperature
detectors may be used.

[0074] Thecolorsensor 636 detects color distribution in the
integrated light within the optical integrating cavity 102. The
sensor 636 may be mounted on the same board as one or more
of'the LEDs, or as in the example of FIG. 1, the sensor 636
may be coupled to a wall of the cavity. Some small amount of
the integrated light passes through a point on a wall of the
cavity 102, therefore it is sufficient to sense color at that point
on the cavity wall. A variety of color sensing devices may be
used to implement the sensor 636.

[0075] In the current example, the microcontroller 614
monitors color using an RGB light sensor 636 that is a digital
compatible sensor which provides a single output in the form
of a pulse train of a frequency that is proportional to the
intensity of the input light. Additionally, the color sensor 636
may incorporate selectable color filtering. In such a case, the
sensor applies one of the color filters for color of light to be
sensed in response to several bits of a control signal from the
microcontroller 614. The frequency of the output then is
proportional to the sensed light intensity of the selected color
of light (R, G or B).

[0076] For example, the microcontroller 614 may select a
color and instruct the color sensor 636 to sense the intensity of
that color through the appropriate filter, and as a result, the
microcontroller 614 receives a pulse train of frequency pro-
portional to the measured intensity of light of the selected
color. The microcontroller 614 then selects another color and
receives a pulse train of frequency proportional to the mea-
sured intensity of light of that second color. The microcon-
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troller 614 then selects a third color and receives a pulse train
of'frequency proportional to the measured intensity oflight of
that third color. In this way, the sensor 636 can provide infor-
mation to the microcontroller 614 as to the measured intensity
of'each primary color of light (R, G or B) within the combined
light being generated by the system. The microcontroller 614
may also control the sensor 636 to obtain a similar reading of
total intensity (unfiltered) of the combined light. The process
may periodically repeat as the system takes additional mea-
surements of the color distribution.

[0077] The control circuit 612 and specifically the micro-
controller 614 is capable of setting the drive current and thus
the output intensity for each color, in order to achieve a
desired uniform color distribution in the combined light gen-
erated further to a process described in detail below. Briefly,
the microcontroller 614 translates frequency of the signals
from the color sensor 636 into data that it uses as a represen-
tation of intensity for each sensed color of light. The micro-
controller 614 uses the color intensity data as feedback data,
to control the DACs to set the drive current value for each
color, to insure that the combined light generated by the
system exhibits and maintains the desired color distribution.
In a system sleeper LEDs as discussed above, the microcon-
troller 614 also is responsive to the detected color distribution
to selectively activate the inactive light emitting diodes 614 as
needed, to maintain the desired color distribution in the com-
bined light.

[0078] While FIG. 6 provides a detailed diagram of a light-
ing system, the remainder of the description will refer to the
high-level block diagram illustrated by FIG. 5. As illustrated
generally by FIG. 5, an (x,y,Y) point 510 may be input to an
MCU 502. The MCU 502 interprets and executes the input
point 510 to generate a desired color and intensity corre-
sponding to the (x,y,Y) point 510. The first step is to insure
that the input 510 is achievable on the fixture. In other words,
it needs to be determined whether or not the (x,y,Y) input 510
is within a gamut, discussed above. In practice, each of the
important coordinates of the points described in the previous
section is measured while determining operational character-
istics of the lighting system

[0079] Validating input 510 can be broken into two general
steps. First, the chromaticity of the corresponding (x,y) coor-
dinate is validated. Then, the intensity of the (Y) coordinate is
validated. If both steps are valid, then the point has been
validated as an achievable point. If achievable, the MCU sets
the LED outputs to corresponding levels. If not achievable,
there are a variety possible ways the MCU might proceed,
examples of which are discussed later.

[0080] To validate the chromaticity, it should be shown that
the (x,y) coordinates of the input 510 are within the gamut,
such as the exemplary gamuts 200, 300 described above. This
can be accomplished by comparing the input 510 coordinates
to the lines which are defined the intersection of each of the
plurality of planes forming the gamut or the edge of each
facet. Specifically, the points that define these lines have been
pre-programmed in the fixture and are accessible for validat-
ing any given input 510. FIG. 10 illustrates an exemplary flow
chart for validating such an input 510. Since the (X,y) coor-
dinates of the input 510 are the only coordinates being con-
sidered at this stage, the lines to which to compare the input
510 corresponds to those that form the footprint of the gamut
in FIGS. 2 and 3. These lines are as follows: (1) line formed
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by points 202 and 206 (“GB line”), (2) line formed by points
206 and 208 (“BR line”), and (3) line formed by points 208
and 202 (“RG line™).

[0081] FIG. 10 illustrates a flowchart of the algorithm to
evaluate chromaticity on the input 510. However, the order in
which the lines are evaluated is not important. In the flow-
chart, “x_user” corresponds to the x-coordinate of the input
510, “y_user” corresponds to the y-coordinate of the input
510, “m” corresponds to the slope of the line in the 3-d
coordinate system to which the input 510 is compared, and
“y_test” corresponds to the y value result solved for Equation
1 discussed below. Moreover, the algorithm represented by
the flowchart of FIG. 10 assumes that the red and blue points
have a smaller y-coordinate than the green point, and the blue
point has a smaller x-coordinate than the red point. Basically,
the algorithm assumes that the red point resides in the reddish
region of the CIE 1931 Chromaticity Diagram or 3-d coordi-
nate system, the green point resides in the greenish region of
the diagram and the blue point resides in the bluish region of
the diagram, as discussed above.

[0082] The general equation for the lines in the x-y plane
forming the gamuts 200, 300 of FIGS. 2 and 3, respectively is
shown in Equation 1 below. Coordinates (x,,y,) and (X,,y,)
are the end points of the lines forming the gamut in the x-y
plane, i.e., the GB line, BR line or RG line, and (y,—y, )/(X,—
X,) corresponds to the slope “m.”

Y2 =)
y="——=K-x)+y
X2 —Xp

Equation 1

[0083] For the ease of explanation, consider the following
example where point 202 has the coordinate (2,6), point 206
has the coordinate (1,1), point 208 has the coordinate (5,2),
and the (x,y) input 510 to be validated has the coordinate
(2,4). Thus, the GB line with the foregoing coordinates would
have a slope “m” of 5 on the x-y plane. The BR line with the
foregoing coordinates would have a slope “m” of 1/4 on the
x-y plane. The RG line with the foregoing coordinates would
have a slope “m” of -4/3 on the x-y plane.

[0084] According to FIG. 10, in step 1002, Equation 1 is
evaluated for the RG line. Following the exemplary coordi-
nates described above, y_test (or the output of Equation 1)
would equal 6. In step 1004, x_user is evaluated when slopes
of'lines are undefined. In the case of the RG line, the slope of
-4/3 is not an undefined quantity. Accordingly, the result of
step 1004 would be false or no. In Step 1006, y_user is
evaluated when the slope is positive. In the case of the RG
line, the slope of —4/3 is a negative value. Accordingly, the
result of step 1006 would be false or no. In step 1008, y_user
is evaluated when the slope is negative. In this case, the slope
of —4/3 is indeed a negative value. Thus, it is determined
whether or not y_user is less than or equal to the y_est. In the
caseofthe RG line wherey_user=4 and y_test=6, the result of
step 1008 is true. Accordingly, the user point of (2,4) is within
the gamut when compared with the RG line only.

[0085] In order to make the determination whether or not
the input 510 falls within the gamut, steps similar to steps
1002-1008 need to be repeated for the GB and BR lines.
[0086] According to FIG. 10, in step 1010, Equation 1 is
evaluated for the GB line. Following the exemplary coordi-
nates described above, y_test (or the output of Equation 1)
would equal 6. In step 1012, because the slope of 5 for line GB
is not an undefined value, the result would be false. In step
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1014, because the slope has positive value, y_user and y_test
are evaluated. Specifically, in step 1014, it is determined
whether or not y_user is less than or equal to y_test. Because
4 (y_user) is less than 6 (y_test), the result of step 1014 is true
or yes, and the next step is to evaluate line BR. Had the result
of'step 1014 been false, step 1016 would have been conducted
where if the slope of the GB line is negative, it is determined
whether or not y_user is greater than or equal to y_test.
[0087] According to FIG. 10, in step 1018, Equation 1 is
evaluated for the BR line. Following the exemplary coordi-
nates described above, y_test (or the output of Equation 1)
would equal 5/4. In step 1020, because the slope of 5/4 for line
BR is not an undefined value, the result would be false. Next,
in step 1022, it is determined whether or not y_user is greater
than or equal to y_test. It is not necessary to determine
whether or not the slope is positive or negative because the
position of the input 510 has already been evaluated for the
other lines. Because 4 (y_user) is greater than 5/4 (y_user),
the result of step 1022 is true. Accordingly, the input 510 is
inside the gamut for coordinates (X,y), and the user set point
is considered valid at step 1024 for the (x,y) coordinates.
[0088] Had the input510 been outside the gamut, step 1026
would have resulted. As shown in the flowchart, step 1026
may be reached when it is determined that the point 510
corresponds to a position on a side of the RG line, the GB or
the BR line that places the point outside of the gamut in the
x-y plane.

[0089] Once it is known that the (X,y) coordinate of input
510 is within the gamut 200, 300, the intensity of the input
510 needs to be validated. As can be seen from the gamut 200,
300 illustrations of FIGS. 2, 3, respectively, the maximum
intensity for any given chromaticity in the gamut 200, 300 is
governed by a series of planes. Each plane is defined by three
points, where the white point is common among all planes
corresponding to point 212 which is the apex of the gamut
200, 300.

[0090] An algorithm with some similarities to the valida-
tion of chromaticity as discussed above can be made for
validating intensity. However, the plurality of planes that
form the top of the gamut 200, 300 will be evaluated. Spe-
cifically, referring to FIG. 2, the fifth plane 222, sixth plane
224 and/or seventh plane 226 will be evaluated to determine
whether or not the input 510 is positioned under the respective
planes. It is not necessary to evaluate the first plane 214,
second plane 216 and third plane 217 since the RG, GB and
BR lines evaluated in accordance with FIG. 10 are within
these planes. Also, it is not necessary to evaluate plane 220
where Y=0 because intensity cannot have a negative value.
[0091] With respect to FIG. 3, the following planes will be
evaluated: (1) plane with points 210, 212, 311 (“RWY,, .
plane”); (2) plane with points 204, 212, 311 (“GWY,,..
plane”); (3) plane with points 204, 212, 304 (“GWC,,,.
plane”); (4) plane with points 207, 212, 304 (“BWC,,,.
plane”); (5) plane with points 207, 212, 308 (“BWM,,,,.
plane”); and (6) plane with points 210, 212 and 308 (“RWM-
max Plane”), where R stands for red, G for green, B for blue, W
for white, Y for yellow, C for cyan and M for magenta on the
3-d coordinate space of FIG. 3. In other words, the RWY,, .
plane corresponds to the facet at the top of the gamut 300 that
spans the red, white and yellow colors, and so on for each
respective plane.

[0092] In FIGS. 11A and B, it is determined which of the
foregoing planes apply to the chromaticity of the input 510.
FIG. 12 is a partial illustration of the gamut 300 for describing
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conceptually the determination of which plane applies
according to the flowchart of FIGS. 11A and B. Each plane
that forms the top of the gamut 300 can be contained within
separate columns extending along the Y axis. Taking the
RWM,, ., plane for example, a column may be formed along
the Y axis where each point 210, 212, 308 is in line with a
respective vertices 1204 of the column. When it is determined
that the RWM,, .. plane applies to the (x,y) input according to
the flowchart of FIGS. 11 A and B, the (x,y) point is inside the
column 1202. A determination of which plane applies can be
accomplished by comparing the input 510 to the lines which
describe the intersections of planes RWY,,,., GWY ., etc.
described above as projected on to the x-y plane in the 3-d
coordinate. For example, the line from point 210 to point 212
(“RW,,, .. line”) in the gamut 300 can be represented as the
RW line which is projected on the x-y plane by ignoring the Y
coordinate and using Equation 1 discussed above. FIG. 13
illustrates a projection of each of the RWY,,, plane, GWY-
max Plane, GWC, . plane, BWC,, . plane, BWM,, .. plane,
and RWM,,, ., plane as projected on the x-y plane of the gamut
300. By examining these projected planes according to the
flowchart of FIGS. 11A and B, it is possible to determine
which plane applies.

[0093] For explanation purposes, as illustrated by FIG. 13
consider a first (X_user, y_user) point 1302 and a second
(x_user, y_user) point 1304 that are input to the system (input
510) as illustrated by FIG. 5. Because the RW line and CW
line are part of the same line, the results of steps 1104 and
1106 may rule out planes that do not apply. The first point
1302 would have a y_user coordinate that places the point
1304 above the RW and CW lines. Thus, the RWM,, .. plane,
BWM,, .. plane and BWC,, . plane do not apply. Steps 1108-
1124 of FIG. 11A would be performed to determine which
plane applies. Conversely, the second point 1304 would have
a'y_user coordinate that places the point 1302 below the RW
and CW lines as illustrated. Thus, the RWY . plane, GWY-
max Plane and GWC,, . plane do not apply. Steps 1126-1142
of FIG. 11B would be performed to determine which plane
applies.

[0094] For explanation purposes, consider the first point
1302 for determining which plane applies according to FIG.
11A. Instep 1102 of FIG. 11A, Equation 1 is evaluated for the
RW line at x_user to yield the result as y_user. As shown, the
slope of line RW is positive and is an extension of line CW.
Based on the position of point 1302 illustrated by FIG. 13, the
y_user would be greater than or equal to the y_test value—the
result of step 1302 would be true or yes. On the other hand,
assuming that the slope of line RW is negative, the y_user
value would be less than or equal to the y_test value—the
result of step 1304 would be true or yes. Based on these
determinations the BWC,,,. plane, RWM, . plane and
BWM,,... plane would be ruled out. The steps of 1108-1112
are the same as steps 1102-1108 except for evaluation of the
BW line. If the results of both steps 1110 and 1112 are false
or no, the determination is made that the (x_user, y_user) is
applicable to the RWY . plane. However, this would not be
the case for point 1302 in this example. In other words, if
either of steps 1110 or 1112 are true, step 1116 would be
performed.

[0095] Again, the steps of 1106-1120 are the same as steps
1102-1108 except for evaluation of the GW line. Ifthe results
of'both steps 1118 and 1120 are false or no, the determination
is made that the (x_user, y_user) is applicable to the GWY,, .
plane. However, this would not be the case for point 1302 in
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this example. In other words, if either of steps 1110 or 1112
are true, it would be determined that GWC,, . plane is appli-
cable.

[0096] For explanation purposes, consider the first point
1304 for determining which plane applies according to FIG.
11B. In step 1102 of FIG. 11A, Equation 1 is evaluated for the
RW line at x_user to yield the result as y_user. As shown, the
slope of line RW is positive and is an extension of line CW.
Based on the position of point 1304 illustrated by FIG. 13, the
y_user would be less than the y_test value—the result of step
1302 would be false or no. Also, the result of step 1106 would
be false. Based on these determinations the RWY,,,, plane,
GWY,,,, plane and GWC,,,. plane would be ruled out.

[0097] The steps of 1126-1130 are the same as steps 1102-
1108 except for evaluation of the BW line. If the results of
both steps 1128 and 1130 are false or no, the determination is
made that the (x_user, y_user) is applicable to the BWC,, ..
plane. However, this would not be the case for point 1304 in
this example. In other words, if either of steps 1128 or 1130
are true, step 1134 would be performed.

[0098] Again, the steps of 1134-1138 are the same as steps
1102-1108 except for evaluation of the GW line. Ifthe results
of'both steps 1136 and 1138 are false or no, the determination
is made that the (x_user, y_user) is applicable to the RWM,, .
plane. However, this would not be the case for point 1304 in
this example. In other words, if either of steps 1136 or 1138
are true, it would be determined that BWM,, . _plane is appli-
cable.

[0099] Upon the determination of which plane applies to
the chromaticity of the input 510 (x_user, y_user), the next
step is to compare the intensity of the input 510 to the maxi-
mum achievable intensity for the lighting system described
by the appropriate plane. As discussed above, the maximum
achievable intensity corresponds to the apex at point 212 of
the gamut 200, 300 for white line. However, each (x,y) point
in the gamut 200, 300 has a specific maximum intensity
because the planes that form the top of the gamut 200, 300
traverse the X,y,Y space, i.e., the Y value of each plane is not
constant.

[0100] As discussed above, the applicable plane deter-
mined according to the flowchart of FIGS. 11A and B may be
any of the RWY,, ., plane, GWY,, . plane, GWC,, . plane,
BWC,, . plane, BWM, _plane and RWM,, _plane. Each of
the foregoing planes may be defined according to three
points. For example, the BWM,, . plane may be defined by
points 207, 308 and 212 as illustrated by FIG. 3. These three
points which define the applicable plane may be used to
evaluate if the maximum achievable intensity for the chroma-
HUCItY (X, 5075 user) INPUL 510 by the user according to Equation
2 shown below.

Xuser = X1 Yuser = Y1 Ymax — Y1 Equation 2
det| 2—x1  y2—y1  Yo-11 |=0
X=X ys-yi  Yz-Y
[0101] In Equation 2, Y, represents the maximum

achievable intensity at the chromaticity (X,,,.¥,,.,) input
510. The points (X,,y,,Y5), (X5,¥2,Y5), and (X5,y5,Y) are the
points found as a result of the algorithm in FIGS. 11A and B,
i.e. the three points that define the applicable plane. Equation
3 is the solution of Equation 2 for the maximum intensity.
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(Kaser = X1)(y2 —yD(¥3 —¥1) + Equation 3
(Yuser = y1(Y2 = Y1)(x3 —x1) —
(Xuser = 21)(Y2 = Y1)(y3 = y1) —
_ (Yuser =YYz = Y1)(x2 —x1) v
(V2 = yxs —x1) — (%2 —X1)(y3 — y1)

max

[0102] Equation3 renders Ymax for the chromaticity (X, ..,
V,ser) input 510. If the Y value of the input 510 is less than or
equal to the maximum achievable intensity Ymax and is non-
negative, then the input 510 is a valid point which can be
achieved by the fixture. Accordingly, the MCU 502 will drive
the digital/analog converter and LED drivers 504 for the
LEDs 506 to output light according to the input 510.

[0103] On the other hand, if the Y value of the input 510 is
greater than the maximum achievable intensity Ymax or
negative, then the input 510 is invalid and cannot be achieved
by the fixture.

[0104] There are several ways a light fixture may handle a
requested input 510 which is not valid (i.e. outside the gamut
200, 300). One way would be to ignore the request so that a
light fixture would not generate light according the input 510.
The system, for example, might keep the light output at the
last prior setting that was valid. Another approach would be to
correct or adjust the input 510 coordinate by determining the
nearest point which is logical. Because the human eye tends
to be less sensitive to changes in intensity compared with
changes in chromaticity, chromaticity has a higher impor-
tance than intensity. There are two general cases which should
be considered when correcting points. The first is when the
chromaticity of the input 510 ((x,y) coordinate) is valid but
the requested intensity ((Y) value) is invalid. The second case
is where the chromaticity point is invalid.

[0105] Since the human eye tends to perceive changes in
chromaticity, (x,y) points which are in the gamut 200, 300 but
have intensities greater than what is achievable, the chroma-
ticity should be maintained. In other words, the (x,y) coordi-
nates of the input 510 should not be altered. Using this phi-
losophy, the closest Y-coordinate will be the maximum
achievable point at the given (x,y). The maximum achievable
intensity for the given (X,y) coordinate is determined accord-
ing to Equation 3. Hence, an input 510 (X,,,.,.V,.s0rY sser) Will
be corrected to (X,,,.,s Vyusers Y max)- While this adjustment does
not necessarily yield the closest point (absolute distance) to
the input 510 coordinate, given that chromaticity is more
important than intensity, it is generally more appealing to the
human eye.

[0106] The second case of point correction requires addi-
tional computation. In the case where (x,y) coordinate is
outside of the gamut 200, 300, in a first implementation the
nearest chromaticity point physically is found which is in the
gamut. However, the nearest chromaticity point may appear
to be a different color. In a second implementation, a chro-
maticity point is chosen that has a color closest to the color
corresponding to that which is represented by the coordinate
that falls outside the gamut. However, this adjusted chroma-
ticity point may correspond to a color that appears to be have
more saturation. In either case, if the intensity of the adjusted
(x,y) coordinate is achievable, then that intensity should be
used. If the intensity is greater than what is achievable at the
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nearest chromaticity in the gamut 200, 300, the intensity
should be changed to the maximum that is achievable as
discussed above.

[0107] According to the first implementation, when finding
the closest chromaticity to a (x,y) coordinate outside of the
gamut 200, 300, there are two types of regions which could
describe the space outside of the gamut 200, 300—a near-
edge region and a near-vertex region. FIG. 14 illustrates the
gamut 200, 300 in the x-y plane of the 3-d coordinate system.
Since the gamut is a triangle, a near-vertex region corre-
sponds to a region where the closest point will always be the
vertex of the gamut 200, 300. The vertices correspond to the
red, green, or blue colors. The other region corresponds to a
near-edge region where the closest point corresponds to a
point on the edge of the gamut 200, 300.

[0108] The near-edge regions and near-vertex regions are
separated by lines which are perpendicular to the line seg-
ments which make the boundaries of the gamut 200, 300 and
contain the vertex points. The area between the two perpen-
dicular lines on the end of each gamut line segment forms the
near-edge region. The remaining regions are the vertex-near
regions.

[0109] Equations 4 and 5 yield the chromaticity coordi-
nates on the edge of the gamut (X,,y,) which are closest to
(x,y) coordinate which falls in the near-edge region. In Equa-
tions 4 and 5, (x,,,y,,) is the user’s point, (x,,y,) is the adjusted
point, (X,,y; ) is one of the points at the end of the line segment
which forms an edge of the gamut 200, 300, and (x,,y,) is the
point at the other end of the line segment of the gamut 200,
300.

Equation 4

Equation 5
- xu] + Vi

[0110] Ifthe user pointis in the near-vertex region, then the
closest chromaticity point is simply the closest vertex of the
gamut. Any user point which is outside of the achievable
volume will be corrected to a point with an intensity of the
user’s request unless it is too great for the maximum intensity
of'the corrected point. If it is too great, the maximum intensity
for that chromaticity will be used.

[0111] FIG. 15 will be used to describe the second imple-
mentation of choosing the chromaticity point which is closest
in color to the color corresponding to the point which falls
outside the gamut. FIG. 15 illustrates the gamut 200, 300 in
the x-y plane of the 3-d coordinate system. Point U represents
the (x,y) coordinate of chromaticity chosen by the user. Point
E represents a static point at coordinate (0.333, 0.333), which
corresponds to a color having the same amounts of red, green
and blue, i.e., the color of white. Therefore, colors at points
along a line 1502 connecting points E and U will appear to be
the same color but with more saturated towards the color
white (in the direction of point E). Point V is selected as a
point along the line connecting E and U that represents a color
within the gamut having the same color as point U with some
increased saturation towards the color white. In other words,

(G2y1 —x1y2)(y1 = y2) +

_ = %22 %+ (V1 — ¥2)Vu
1 =22 + (1 — )2

(%1 = %2)P %, + (V1 = Y2)Vu
1 = y2)? + (1 — )2

X2 — X1
Yi—y2

(K2yr —x1y2)(y1 —y2) +
= )[
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the color at point V will be perceived by a human to be the
same color at point U with more saturation towards the color
white.

[0112] PointV may be determined according to the follow-
ing equations. The general equation of a line is shown by
Equation 6 below.

Ax+By=C

A=yry1

where: B=x-x,

C=4x,-Bx,

also, Let Line RG: 4,,x+B,y=C,,
Let Line UE: 4, x+B,y=C,,

[0113] Depending on the position of point U, lines GB or
BR may be used. It is well within the level for one of ordinary
skill in the art to modify the above equations for lines GB or
BR. According to the equations above, the coordinates of
point V may be calculated according to Equations 7 and 8
below. Again, it is well within the level of ordinary skill in the
art to adapt Equations 7 and 8 for lines GB or BR.

Equation 6

BueCrg — BrgCue Equation 7
Xy = ———
ArgBuc — AucBrg
_ Cue = Ayey Equation 8
Y=
[0114] Accordingly, by adjusting the chromaticity value

from the value corresponding to point U (x,, y,,) to a value
corresponding to point V (x,, y,), the light fixture will display
a color that will be perceived by a human as the same color as
that at point U with more saturation towards the color white.

[0115] The above-described techniques and operation are
not limited to only Red, Green and Blue LEDs. It is again
noted that the lighting system may include other LEDs 310
and associated D/A converter 322 and LED driver 330. In
such a case, additional components of the lighting system
would need to be calibrated possibly resulting in larger and
complex analysis as represented above. In any event, addi-
tional calculations required should be well within the level of
ordinary skill given this disclosure and concepts presented
herein.

[0116] While the foregoing has described what are consid-
ered to be the best mode and/or other examples, it is under-
stood that various modifications may be made therein and that
the subject matter disclosed herein may be implemented in
various forms and examples, and that the teachings may be
applied in numerous applications, only some of which have
been described herein. It is intended by the following claims
to claim any and all applications, modifications and variations
that fall within the true scope of the present teachings.

1. A method for setting operational limitations of a lighting
system comprising at least first, second and third light sources
generating light of respective first, second and third colors
wherein the lighting system is configured to output light
containing controlled amounts of light generated by at least
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one of the first, second and third light sources, the method (d) determining a maximum intensity of light attainable by
comprising steps of: the lighting system .repr.esented by light generated by the
(a) determining a first maximum attainable intensity of fir; st, secohndl .arllld.thlrd light sm(]irces; apd heth
light by measuring light output from the lighting system © setting the fighting system to determine whether or not
. - desired light corresponding to a given input setting to the
where the first light source is turned on and the second e LR . :
o1 lighting system is within a three-dimensional gamut rep-
and third light sources are turned off; . . . .
o A . . . resenting colors of light and corresponding attainable
(b) determining a second maximum attainable intensity of intensities that the lighting system is capable of gener-
light by measuring light output from the lighting system ating wherein a top contour of the gamut is defined by
where the second light source is turned on and the first points corresponding to the first, second and third maxi-
and third light sources are turned off; mum attainable intensities and the maximum intensity
(c) determining a third maximum attainable intensity of of light attainable by the lighting system.
light by measuring light output from the lighting system 2-61. (canceled)

where the third light source is turned on and the first and
second light sources are turned off;



