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COLOR MANAGEMENT METHODS AND
APPARATUS FOR LIGHTING DEVICES

CROSS-REFERENCES TO RELATED
APPLICATIONS

The present application claims the benefit, under 35 U.S.C.
§119 (e), of the following U.S. Provisional Applications:

Ser. No. 60/637,554 | filed Dec. 20, 2004 , entitled “Sys-
tems and Methods for Emulating [lluminated Surfaces;” and

Ser. No. 60/716,111 , filed Sep. 12, 2005 , entitled “Sys-
tems and Methods for Matching Lighting Color and Output.

Each of the foregoing applications is hereby incorporated
herein by reference.

FIELD OF THE DISCLOSURE

The present disclosure relates generally to lighting devices
configured to generate variable color light (and variable color
temperature white light) based on principles of color man-
agement and color-managed workflow.

BACKGROUND

“Color management” is a term commonly used in com-
puter environments to describe a controlled conversion
between the colors of various color-generating or color-ren-
dering devices (e.g., scanners, digital cameras, monitors, TV
screens, film printers, printers, offset presses). For purposes
of'the present disclosure, color-generating or color-rendering
devices (i.e., devices that reproduce color) are referred to
generally as “color devices.” The primary goal of color man-
agement is to obtain a good match for a variety of colors
across a number of different color devices, or between digital
color images and color devices. For example, color manage-
ment principles may be employed to help ensure that a video
looks virtually the same on a computer LCD monitor and on
a plasma TV screen, and that a screenshot from the video
printed on paper looks, from a color-content standpoint, like
a paused still-frame on the computer LCD monitor or the
plasma TV. Color management tools help achieve the same
appearance on all of these color devices, provided each device
is capable of actually generating the required variety of col-
ors.

To discuss some of the salient concepts underlying color
management, some general understanding of human color
perception, and some common terminology often used to
describe color perception, is required. While a detailed expo-
sition of color science would be overwhelming, a few impor-
tant aspects are presented below to facilitate a discussion of
color management principles in the context of the present
disclosure.

A well-known phenomenon of human vision is that
humans have different sensitivities to different colors. The
sensors or receptors in the human eye are not equally sensitive
to all wavelengths of light, and different receptors are more
sensitive than others during periods of low light levels versus
periods of relatively higher light levels. These receptor behav-
iors commonly are referred to as “scotopic” response (low
light conditions), and “photopic” response (high light condi-
tions). In the relevant literature, the scotopic response of
human vision as a function of wavelength A often is denoted
as V'(A) whereas the photopic response often is denoted as
V()); both of these functions represent a normalized response
of human vision to different wavelengths A of light over the
visible spectrum (i.e., wavelengths from approximately 400
nanometers to 700 nanometers). For purposes of the present
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2

disclosure, human vision is discussed primarily in terms of
lighting conditions that give rise to the photopic response,
which is maximum for light having a wavelength of approxi-
mately 555 nanometers.

A visual stimulus corresponding to a perceivable color can
be described in terms of the energy emission of some source
of light that gives rise to the visual stimulus. A “spectral
power distribution” (SPD) of the energy emission from a light
source often is expressed as a function of wavelength A, and
provides an indication of an amount of radiant power per
small constant-width wavelength interval that is present in the
energy emission throughout the visible spectrum. The SPD of
energy emission from a light source may be measured via
spectroradiometer, spectrophotometer or other suitable
instrument. A given visual stimulus may be thought of gen-
erally in terms of its overall perceived strength and color, both
of which relate to its SPD.

One measure of describing the perceived strength of a
visual stimulus, based on the energy emitted from a light
source that gives rise to the visual stimulus, is referred to as
“luminous intensity,” for which the unit of “candela” is
defined. Specifically, the unit of candela is defined such thata
monochromatic light source having a wavelength of 555
nanometers (to which the human eye is most sensitive) radi-
ating Yes3 Watts of power in one steradian has a luminous
intensity of 1 candela (a steradian is the cone of light spread-
ing out from the source that would illuminate one square
meter of the inner surface of a sphere of 1 meter radius around
the source). The luminous intensity of a light source in can-
delas therefore represents a particular direction of light emis-
sion (i.e., a light source can be emitting with a luminous
intensity of one candela in each of multiple directions, or one
candela in merely one relatively narrow beam in a given
direction).

From the definition above, it may be appreciated that the
luminous intensity of a light source is independent of the
distance at which the light emission ultimately is observed
and, hence, the apparent size of the source to an observer.
Accordingly, luminous intensity in candelas itself is not nec-
essarily representative of the perceived strength of the visual
stimulus. For example, if a source appears very small at a
given distance (e.g., a tiny quartz halogen bulb), the perceived
strength of energy emission from the source is relatively more
intense as compared to a source that appears somewhat larger
at the same distance (e.g., a candle), even if both sources have
a luminous intensity of 1 candela in the direction of observa-
tion. In view of the foregoing, a measure of the perceived
strength of a visual stimulus, that takes into consideration the
apparent area of a source from which light is emitted in a
given direction, is referred to as “luminance,” having units of
candelas per square meter (cd/m?). The human eye can detect
luminances from as little as one millionth of a cd/m*up to
approximately one million cd/m* before damage to the eye
may occur.

The luminance of a visual stimulus also takes into account
the photopic (or scotopic) response of human vision. Recall
from the definition of candela above that radiant power is
given in terms of a reference wavelength of 555 nanometers.
Accordingly, to account for the response of human vision to
wavelengths other than 555 nanometers, the luminance of the
stimulus (assuming photopic conditions) typically is deter-
mined by applying the photopic response V() to the spectral
power distribution (SPD) of the light source giving rise to the
stimulus. For example, the luminance L. of a given visual
stimulus under photopic conditions may be given by:

L=K(P\V\+P;Vo+P3V3+ .. .) (D
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where P,, P,, P;, etc., are points on the SPD indicating the
amount of power per small constant-width wavelength inter-
val throughout the visible spectrum, V|, V,, and V3, etc., are
the values of the V(A) function at the central wavelength of
each interval, and K is a constant. IfK is set to a value of 683
and P is the radiance in watts per steradian per square meter,
then L represents luminance in units of candelas per square
meter (cd/m?"

The “chromaticity” of a given visual stimulus refers gen-
erally to the perceived color of the stimulus. A “spectral”
color is often considered as a perceived color that can be
correlated with a specific wavelength of light. The perception
of a visual stimulus having multiple wavelengths, however,
generally is more complicated; for example, in human vision
it is found that many different combinations of light wave-
lengths can produce the same perception of color.

Chromaticity is sometimes described in terms of two prop-
erties, namely, “hue” and “saturation.” Hue generally refers to
the overall category of perceivable color of the stimulus (e.g.,
purple, blue, green, yellow, orange, red), whereas saturation
generally refers to the degree of white which is mixed with a
perceivable color. For example, pink may be thought of as
having the same hue as red, but being less saturated. Stated
differently, a fully saturated hue is one with no mixture of
white. Accordingly, a “spectral hue” (consisting of only one
wavelength, e.g., spectral red or spectral blue) by definition is
fully saturated. However, one can have a fully saturated hue
without having a spectral hue (consider a fully saturated
magenta, which is a combination of two spectral hues, i.e., red
and blue).

A “colormodel” that describes a given visual stimulus may
be defined in terms based on, or in some way related to,
luminance (perceived strength or brightness) and chromatic-
ity (hue and saturation). Color models (sometimes referred to
alternatively as color systems or color spaces) can be
described in a variety of manners to provide a construct for
categorizing visual stimuli as well as communicating infor-
mation to and from color devices regarding different colors.
Some examples of conventional color spaces employed in the
relevant arts include the RGB (red, green, blue) space (often
used in conventional computer environments for “additive”
color devices, such as displays, monitors, scanners, and the
like) and the CMY (cyan, magenta, yellow) space (often used
for “subtractive” mixing devices employing inks or dyes,
such as printers). Some other examples of color constructs
include the HSI (hue, saturation, intensity) model, the YIQ
(luminance, in-phase, quadrature) model, the Munsell sys-
tem, the Natural Color System (NCS), the DIN system, the
Coloroid System, the Optical Society of America (OSA) sys-
tem, the Hunter Lab system, the Ostwald system, and various
CIE coordinate systems in two and three dimensions (e.g.,
CIE x,y; CIE u',v'; CIELUV, CIELAB).

For purposes ofillustrating some exemplary color systems,
the CIE x,y coordinate system is discussed initially in detail
below. It should be appreciated, however, that the concepts
disclosed herein generally are applicable to any of a variety of
color models, spaces, or systems.

One example of a commonly used model for expressing
color is illustrated by the CIE chromaticity diagram shown in
FIG. 1, and is based on the CIE color system. In one imple-
mentation, the CIE system characterizes a given visual stimu-
lus by a luminance parameter Y and two chromaticity coor-
dinates x and y that specify a particular point on the
chromaticity diagram shown in FIG. 1. The CIE system
parameters Y, X and y are based on the SPD of the stimulus,
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4

and also take into consideration various color sensitivity
functions which correlate generally with the response of the
human eye.

More specifically, colors perceived during photopic
response essentially are a function of three variables, corre-
sponding generally to the three different types of cone recep-
tors in the human eye. Hence, the evaluation of color from
SPD may employ three different spectral weighting func-
tions, each generally corresponding to one of the three differ-
ent types of cone receptors. These three functions are referred
to commonly as “color matching functions,” and in the CIE
systems these color matching functions typically are denoted
as X(A),y(1),z(}). Each of the color matching functions x(A),
y(\),z(\) may be applied individually to the SPD of a visual
stimulus in question, in a manner similar to that discussed
above in Eq. (1) above (in which the respective components
V., V,, V... of V(A) are substituted by corresponding
components of a given color matching function), to generate
three corresponding CIE “primaries” or “tristimulus values,”
commonly denoted as X, Y, and 7.

As mentioned above, the tristimulus value Y is taken to
represent luminance in the CIE system and hence is com-
monly referred to as the luminance parameter (the color
matching function y(A) is intentionally defined to match the
photopic response function V(A), such that the CIE tristimu-
lus value Y=L, pursuant to Eq. (1) above). Although the value
Y correlates with luminance, the CIE tristimulus values X and
Z do not substantially correlate with any perceivable
attributes of the stimulus. However, in the CIE system, impor-
tant color attributes are related to the relative magnitudes of
the tristimulus values, which are transformed into “chroma-
ticity coordinates™ x, y, and z based on normalization of the
tristimulus values as follows:

x=X/(X+Y+Z)
y=YI(X+Y+Z)
z=Z/(X+Y+Z).

Based on the normalization above, clearly x+y+z=1, so that
only two of the chromaticity coordinates are actually required
to specify the results of mapping an SPD to the CIE system.

In the CIE chromaticity diagram shown in FIG. 1, the
chromaticity coordinate x is plotted along the horizontal axis,
while the chromaticity coordinate y is plotted along the ver-
tical axis. The chromaticity coordinates x and y depend only
on hue and saturation, and are independent of the amount of
luminous energy in the stimulus; stated differently, perceived
colors with the same chromaticity, but different luminance,
all map to the same point x,y on the CIE chromaticity dia-
gram. The vertical axis gives an approximate indication of the
proportion of green in a given color, while the horizontal axis
moves from blue on the left to red on the right.

The curved line 50 in the diagram of FIG. 1 serving as the
upper perimeter of the enclosed area indicates all of the spec-
tral colors (pure wavelengths) and is often referred to as the
“spectral locus” (the wavelengths along the curve are indi-
cated in nanometers). Again, the colors falling on the line 50
are by definition fully saturated colors. The straight line 52 at
the bottom of the enclosed area in the diagram, connecting the
blue (approximately 420 nanometers) and red (approximately
700 nanometers) ends, is referred to as the “purple boundary”
orthe “line of purples.” This line represents colors that cannot
be produced by any single wavelength of light; however, a
point along the purple boundary nonetheless may be consid-
ered to represent a fully saturated color. The area bounded by
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the spectral locus 50 and the purple boundary 52 represents
the full “color gamut” of human vision.

In FIG. 1, an “achromatic point” E is indicated at the
coordinates x=y=Y4, representing full spectrum white.
Hence, colors generally are deemed to become less saturated
as one moves from the boundaries of the enclosed area toward
the point E. FIG. 2 provides another illustration of the chro-
maticity diagram shown in FIG. 1, in which approximate
color regions are indicated for general reference, including a
region around the achromatic point E corresponding to gen-
erally perceived white light.

White light often is discussed in terms of “color tempera-
ture” rather than “color;” the term “color temperature” essen-
tially refers to a particular subtle color content or shade (e.g.,
reddish, bluish) of white light. The color temperature of a
given white light visual stimulus conventionally is character-
ized according to the temperature in degrees Kelvin (K) of a
black body radiator that radiates essentially the same spec-
trum as the white light visual stimulus in question. Black
body radiator color temperatures fall within a range of from
approximately 700 degrees K (generally considered the first
visible to the human eye) to over 10,000 degrees K; white
light typically is perceived at color temperatures above 1500-
2000 degrees K. Lower color temperatures generally indicate
white light having a more significant red component or a
“warmer feel,” while higher color temperatures generally
indicate white light having a more significant blue component
or a “cooler feel.”

FIG. 3 shows a lower portion of the chromaticity diagram
of FIG. 2, onto which is mapped a “white light/black body
curve” 54, illustrating representative CIE coordinates of a
black body radiator and the corresponding color tempera-
tures. As can be seen in FIG. 3, a significant portion of the
white light/black body curve 54 (from about 2800 degrees K
to well above 10,000 degrees K) falls within the region of the
CIE diagram generally identified as corresponding to white
light (the achromatic point E corresponds approximately to a
color temperature of 5500 degrees K). As discussed above,
color temperatures below about 2800 degrees K fall into
regions of the CIE diagram that typically are associated with
“warmer” white light (i.e., moving from yellow to orange to
red).

The CIE chromaticity diagram may be used to evaluate a
given color device’s capability for reproducing various colors
(i.e., specify an overall range of colors that may be generated
or rendered by the device). While the entirety of the CIE
chromaticity diagram represents the full color gamut of
human vision, color devices generally are only able to repro-
duce some limited portion of this full gamut. Furthermore,
different types of color devices may be configured to repro-
duce a range of colors that fall within different limited por-
tions of the full gamut. Hence, a given color device typically
may be associated with its own limited “device color gamut”
on the CIE chromaticity diagram.

To evaluate a device color gamut associated with a given
color device, an understanding of how the device reproduces
different colors, and how different colors are communicated
to and from the device (e.g. a data format for color commands,
files, etc.), is helpful. First, it should be appreciated that
conventional color devices in a computer environment (e.g.,
scanners, digital cameras, monitors, TV screens, film print-
ers, printers, offset presses) often treat different perceivable
colors in terms of relative amounts of “primaries” by which
the device reproduces or categorizes a specific desired color,
via additive or subtractive mixing of the primaries.

For example, devices such as TV screens, monitors, dis-
plays, digital cameras, and the like reproduce different colors
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based on additive color mixing principles. Additive color
devices often employ red, green and blue primaries; hence,
red, green and blue commonly are referred to as “additive
primaries.” These three primaries roughly represent the
respective spectral sensitivities typical of the three different
types of cone receptors in the human eye (having peak sen-
sitivities at approximately 650 nanometers for red, 530
nanometers for green, and 425 nanometers for blue) under
photopic conditions. Much research has shown that additive
mixtures of red, green and blue primaries in different propor-
tions can create a wide range of colors discernible to humans.
This is the well-known principle on which many color dis-
plays are based, in which a red light emitter, a blue light
emitter, and a green light emitter are energized in different
proportions to create a wide variety of perceivably different
colors, as well as white light, based on additive mixing of the
primaries.

Other devices such as printers typically rely on subtractive
mixing principles (e.g., mixing of inks or dyes) and generate
different colors based on variants of “subtractive primaries”
such as cyan, magenta, yellow, and black. In subtractive mix-
ing, light passes through or reflects off of another medium
(e.g., ink on a printed surface, paint on a wall, a dye in a filter)
and is absorbed or reflected depending on particular spectral
characteristics of the medium. Accordingly, in subtractive
devices, different primaries of inks, dyes, gels and filters are
employed to generated desired colors, based on one of the
primaries or combinations of multiple primaries, that subtract
out (absorb) undesired colors and let the desired color pass
through.

In terms of the CIE color system, each different primary of
acolor device may be mapped to a corresponding point on the
CIE chromaticity diagram, thereby determining a device
gamut, i.e., a region of the diagram that specifies all of the
possible colors that may be reproduced by the device. For
additive devices employing three primaries, the device gamut
is defined as a triangle formed by the x, y chromaticity coor-
dinates corresponding to each of the red, green and blue
(RGB) primaries. Printers, whose colors are based on variants
of CMYK (cyan, magenta, yellow, black) subtractive prima-
ries, have gamuts whose shape is more complex than a simple
triangle, often somewhat pentagonal or hexagonal with addi-
tional vertices at the cyan, magenta, and yellow primaries,
and generally smaller than gamuts based on RGB additive
primaries. Again, any colors inside a device gamut can be
reproduced by the device; colors outside the device gamut
cannot (such colors are considered “out of gamut” for the
device).

To illustrate an exemplary determination of device gamut
based on the CIE chromaticity diagram, an RGB additive
device, such as a computer monitor, is considered. First, a
spectral power distribution (SPD) is obtained for each of the
primaries of the device. In many conventional monitors, the
SPDs of the primaries are determined in large part by the
phosphors used, which often are chosen based on brightness,
longevity, low cost and low toxicity (“ideal phosphors”™, i.e.,
with radiant dominant wavelengths located near 650 nanom-
eters, 530 nanometers and 425 nanometers, don’t exist). As
will become evident in the discussion below, the choice of
materials used for device primaries has perhaps the most
notable effect on the resulting device gamut, based on the
corresponding SPDs of the primaries.

In constructing a device gamut, typically, each of the pri-
mary SPDs is considered at a “maximum contribution level”
for the primary (e.g., a maximum available radiant power).
Thus, in the example of the RGB monitor, a red SPD, a green
SPD and a blue SPD are obtained, each at maximum available
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radiant power. Subsequently, CIE chromaticity coordinates
x,y are calculated for each SPD in the manner described
above in connection with FIG. 1 (i.e., using the color match-
ing functions to obtain tristimulus values X, Y, and Z, and then
normalizing), and the calculated coordinates are plotted as
points on the CIE chromaticity diagram.

FIG. 4 illustrates the CIE chromaticity diagram of FIG. 1,
onto which are mapped exemplary x,y chromaticity coordi-
nates generally indicative of red, green and blue primaries of
a conventional RGB monitor. The resulting three points 60R,
60G and 60B form an enclosed area (i.e., triangle) constitut-
ing the device gamut 60 for the monitor. It may be appreciated
from FIG. 4 that the exemplary monitor device gamut 60 is
quite limited with respect to the full gamut of human vision,
in that it maintains a notable distance from the purple bound-
ary 52 and generally excludes a significant portion of the
green and cyan regions of the CIE chromaticity diagram.

The particular device gamut 60 shown in FIG. 4 represents
a color space commonly referred to in the relevant arts as
“sRGB” (or “standard” RGB). The sRGB color space was
created cooperatively by Hewlett-Packard and Microsoft
Corporation, and is endorsed and employed ubiquitously by
many other computer-related color industry participants for
both hardware and software purposes relating to color repro-
duction (it is the defacto standard for the Internet and the
Windows operating system). The specific CIE chromaticity
coordinates for the sSRGB color space are defined as [0.6400,
0.3300] for the red vertex 60R, [0.3000, 0.6000] for the green
vertex 60G, and [0.1500, 0.0600] for the blue vertex 60B. A
“white point” for the sRGB space, corresponding to a color
temperature of approximately 6500 degrees K, also is defined
as[0.3127,0.3290] and labeled as “D65” in F1G. 4 (the sSRGB
white point is slightly different than the achromatic white
point E in FIGS. 1-3, which has CIE x,y coordinates of [0.33,
0.33]).

For purposes of comparison, an exemplary CMYK (cyan,
magenta, yellow, black) color space, typically represented by
a device gamut for subtractive devices such as printers, also is
shown in FIG. 4 as the gamut 62. As discussed above, sub-
tractive devices generally have gamuts whose shape is more
complex than a simple triangle. Most four-color CMYK
printers have device gamuts generally smaller than the sSRGB
color space (high quality inkjet printers with more than four
colors, typically with the addition of light C and light M, may
have somewhat larger gamuts than the gamut 62 shown in
FIG. 4).

Various color devices often identify different reproducible
colors based on a data format that specifies relative amounts
of different primaries. For example, devices employing red,
green and blue primaries such as the monitor represented by
the sRGB color space shown in FIG. 4 often reproduce dif-
ferent colors based on an [R, G, B] data format, wherein each
of'the R, G, and B values ranges from zero to some maximum
value (representing a “full output” for that primary). For
example, in 24-bit RGB color spaces, color is described by
three 8-bit bytes, each of which can take on values from zero
through 255. Accordingly, a color represented by only the red
primary is designated as [255, 0, 0], a color represented by
only the green primary is designated as [0, 255, 0], and a color
represented by only the blue primary is designated as [0, O,
255]; other colors are designated in terms of relative amounts
of'the primaries. In this format, black is designated as [0, 0, 0],
and “pure” white (corresponding to the “white point” of a
given device) is designated as [255, 255, 255]. Some com-
puter programs utilize 48-bit RGB color that allows values of
0 through 65,536 for each primary color (16 bits/color).
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It should be appreciated, however, that the numeric values
in any given data format for color have no clear, unambiguous
meaning unless they are associated with a particular color
space (i.e., a particular gamut). Specifically, for the primary
values to have any significance with respect to reproducing a
particular color in a given device, each value must be associ-
ated with a corresponding vertex of the particular gamut
associated with the device or a gamut representing some
predetermined (e.g., industry standardized or specified) color
space, such as the sSRGB color space shown in FIG. 4. Stated
differently, using the example of an [R, G, B] format, the same
[R, G, B] values associated with two different color gamuts or
spaces generally will reproduce different perceivable colors.

To emphasize this concept, an example of a specific trans-
form to map an arbitrary [R, G, B] data set to a specific color
space defined on the CIE chromaticity diagram is presented
below. This process relates significantly to the CIE tristimulus
values determined for each of the different primaries; in
essence, it is the specific choice of primaries that determines
the color space. In particular, in calculating the x,y chroma-
ticity coordinates for the respective primaries of a given color
space (e.g., the points 60R, 60G and 60B shown in FIG. 4), as
discussed above in connection with FIG. 1 each primary is
associated (via the color matching functions X(A),y(A),z(A))
with a corresponding set of CIE tristimulus values X, Y, and 7.
A matrix transformation may be derived, based on the three
sets of tristimulus values, to map an arbitrary [R, G, B] data
set representing a desired color to a corresponding set of
tristimulus values according to:

Xr Xo Xg1[R X 2)
Yp Yo Ygl||G|=|Y |
Zy Zg Zg || B z

In Eq. (2), the R-G-B column vector is the data set repre-
senting the prescribed relative amounts of the respective pri-
maries to generate a desired color. Each column of the three-
by-three transformation matrix represents the tristimulus
values for one of the primaries at its maximum possible value
in the [R, G, B] data set (e.g., Xz, Yz, and Z, represent the
tristimulus values for the red primary at maximum output,
wherein Y represents the maximum luminance from the red
primary). In this manner, it is the transformation matrix that
defines the particular color space. Finally, the column vector
X-Y-Z in Eq. (2) represents the resulting CIE tristimulus
values of the desired color corresponding to the arbitrary ratio
specified in the [R, G, B] data set, wherein Y represents the
luminance of the desired color. Hence, according to the trans-
formation given in Eq. (2) above, any arbitrary color based on
relative proportions of the red, green and blue primaries may
be mapped to the CIE tristimulus values, which in turn are
normalized and mapped to the chromaticity diagram, falling
within or along the perimeter of the gamut representing the
color space defined by the transformation matrix.

In view of the foregoing, it should be appreciated that the
sRGB color space illustrated in FIG. 4 corresponds to a par-
ticular transformation (i.e., particular values for the nine
matrix elements) operating on an [R, G, B] data set. This
particular transformation was based on the primaries found in
conventional CRT monitors (dating back to approximately
1996). Vast amounts of software (both professional and per-
sonal computer software) assume the sRGB color space for
color reproduction; namely, that an image file employing a
24-bit[R, G, B] color data format (i.e., 8 bits/primary), placed
unchanged into the bufter of a display or monitor, will display
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colors predictably based on predetermined combinations of
the particular sSRGB primaries.

However, the practical reality in computer environments is
that, as discussed above, different color devices do not nec-
essarily have device gamuts that are identical or similar to the
sRGB color space. One reason for this is that one or more of
the red, green and blue primaries in one device may not have
exactly or even substantially the same spectral power distri-
bution (and hence corresponding X, Y, Z tristimulus values)
as the corresponding red, green and blue primaries of another
device, thus leading to different transformation matrices in
Eq. (2) above. This means that the same [R, G, B] values may
produce notably different colors in different devices that do
not share a common color space. Furthermore, different
devices may reproduce color based on different primaries,
and/or based on different primary mixing techniques; as dis-
cussed above, output devices such as printers typically are
based on subtractive mixing of CMY(K) primaries.

Dealing with the foregoing situation is referred to as “color
management.” Maintaining consistent color appearance in
the translation between different color devices and color
spaces in many cases is not trivial, but color management
techniques generally provide a reasonably sane and practical
solution. At present, however, often the most sophisticated
color management system is unable to make two color
devices with different gamuts display exactly the same set of
colors; in most cases, a reasonable approximation is the best
available solution.

FIG. 5 illustrates the general concept of color management
in terms of a “color-managed workflow” in a conventional
computer peripheral environment that includes a scanner, a
monitor, a color printer, and one or more color image files. In
some exemplary computer environments, computer pro-
grams that implement color management concepts often are
described as being “ICM-aware,” wherein ICM stands for
Image Color Management. ICM standards are maintained by
the International Color Consortium (ICC), which was formed
in 1993 by a number of computer industry vendors to create a
universal color management system that would function
transparently across many operating systems and software
packages. The ICC specification allows for fidelity of color
when color identifiers are moved between applications and
operating systems, from the point of creation to final repro-
duction.

In a color-managed workflow similar to that shown in FIG.
5, the color response of each device and each color image file
(i.e., the device gamut or color space defined for the device or
image file) is characterized by a file called an “ICC profile.”
ICC profiles may exist as “stand-alone” computer files (ICC
profiles generally have the extension “.icm,” and in the Win-
dows operating systems are stored in specific directories).
ICC profiles also may be embedded as tags within color
image files; for example, the image file types TIFF, JPEG,
PNG, and BMP are supported by most ICM-aware image
editors. The ICC specification divides color devices into three
broad classifications: input devices, display devices, and out-
put devices. In the example of FIG. 5, four ICC profiles are
illustrated, namely, a scanner ICC profile 72 (input device), an
image-embedded ICC profile 74 (e.g., from a digital camera,
also an input device) , a monitor ICC profile 76 (display
device), and a printer ICC profile 78 (output device).

ICC profiles are configured to relate numeric data specify-
ing a desired color in one color space (e.g., values expressing
relative amounts of primaries, such as [R, G, B]), to a corre-
sponding color expressed in a device-independent “Profile
Connection Space (PCS)” (also referred to as a “working
color space”). The PCSs currently relied upon for ICC pro-
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files include either the CIE-XYZ or CIELAB color spaces. An
exemplary PCS common to the computer environment of
FIG. 5 is indicated in block 70.

The heart of color management is the translation or “gamut
mapping” between devices with different color gamuts and
files with different color spaces. In particular, an ICC profile
for a color device (e.g., the scanner profile 72, the monitor
profile 76, and the printer profile 78) contains data that defines
a mapping between the device’s color space and the PCS 70.
Similarly, an ICC profile for a color image file (e.g., the
image-embedded ICC profile 74) contains data that defines a
mapping between the color space in which the color image
was created and the PCS 70.

From the foregoing, it should be appreciated that the integ-
rity of the mapping data in a given ICC profile determines in
significant part the degree of success in color reproduction in
a color-managed workflow process. Because colors may be
perceived in a wide variety of viewing environments and/or
on a wide variety of imaging media, a standard viewing
environment for the PCS also is defined in the ICC specifica-
tion based on the ISO 13655 standard. One of'the first steps in
profile building involves measuring a set of colors from some
imaging media or display; i.e., measuring the primaries that
ultimately define the color space for the image or color
device. If the imaging media or viewing environment in
which the primaries are measured differ from the ICC stan-
dard viewing environment defined for the PCS, it is necessary
to adapt the calorimetric data for the primaries to the ICC
standard (typically, it is the responsibility of the profile
builder to do any required adaptation.

A variety of industry vendors provide products and ser-
vices for facilitating the creation of device and image profiles
for color-managed workflow processes. One example of such
avendor is Gretag-Macbeth of Switzerland (see http://www-
.gretagmacbeth.com). Gretag-Macbeth provides a series of
products for reading color from a variety of sources, and
creating and editing ICC profiles for such sources, including
a variety of monitors (CRT, LCD, laptop displays), digital
projectors, digital studio cameras, and RGB, CMYK,
Hexachrome, CMYK+Red/Blue and CMYK+Red/Green
output devices. Profiles can be edited for fine tuning based on
deviations of measured colors from the ICC standard viewing
environment. Additionally, “spot colors” representing a vari-
ety of vendor-defined colors such as Pantone or Munsell
colors, may be defined the in the PCS for reproduction on a
target device (to the extent possible based on the target
device’s gamut). Virtually any color can be scanned from any
source to create a color library (e.g., the entire Pantone
library), and custom color palettes may be created from
scanned sources.

FIG. 6 illustrates a color management source-target gamut
mapping process. A “color matching module” (CMM), also
sometimes referred to as a “color engine” 80, is a program that
uses the data in any two ICC profiles to perform a complete
mapping from a color source to a color target. Specifically, the
color engine 80 utilizes a source ICC profile (e.g., one of the
profiles 72 and 74 shown in FIG. 5) and a target ICC profile
(e.g., one of the files 76 and 78 in FIG. 5), both of which are
referenced to the PCS 70, to convert source color data 82 to
target color data 84 (i.e., perform a direct conversion between
the source and target color spaces).

For example, the color engine 80 may receive source color
data 82 from a scanner in RGB space and provide target color
data for a printer in CMYK space. In so doing, the color
engine first converts source color data from the scanner in the
form [R, G, B] to the PCS (e.g., CIE x, y coordinates and aY
parameter) based on the data contained in the scanner ICC
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profile 72. Subsequently, the color engine 80 converts the
color as designated in the PCS, based on the data contained in
the printer ICC profile 78, to target color data in the form [C,
M, Y, K] which is output to the printer. In various implemen-
tations, the color engine may accomplish the gamut mappings
via interpolation of numeric data stored in tables in the ICC
profiles, or through a series of algorithmic transformations
acting on the numeric data stored in ICC profiles. A color
engine also may be employed to simply recreate one or more
colors defined in the PCS on a target output or display color
device, based on the target ICC profile for the device. For
example, FIG. 6 also illustrates a color library 86 that defines
one or more colors in terms of the PCS. A user interface 88
(e.g., a computer graphics user interface or “GUI”) may be
utilized to select one or more colors from the color library 86,
and the color engine provides corresponding target color data
84 to the target device so as to reproduce (or approximate) one
or more selected colors from the color library.

While the format of ICC profiles is defined precisely, the
algorithms and processing details performed by the color
engine 80 on the ICC profiles are not strictly defined, allowing
for some variation amongst different applications and sys-
tems employing different color engines. Some examples of
color engines found in conventional computer environments
include Windows’ ICM 2.0, Adobe Photoshop’s ACE, and
Apple’s ColorSync.

In some instances, the mappings performed by a color
engine can be quite complex, especially when the source and
target color spaces are significantly different. In this situation,
a color engine may be configured to perform gamut mapping
with one of four “rendering intents” recognized by the ICC
standard. Specifically, a given rendering intent determines
how colors are handled if they are present in the source color
data but are “out of gamut” in the target color space (beyond
the color reproduction capability of the target device); for this
reason, each rendering intent represents some kind of com-
promise. FIG. 7 illustrates some of the general concepts
underlying rendering intents; there are several nomenclatures
used in the industry for various rendering intents, and for the
present discussion the standard ICC nomenclature is used.

In “perceptual” rendering, a color engine is configured to
perform an expansion or compression when mapping
between different source and target color spaces, so as to
maintain consistent overall appearance. This rendering intent
is generally recommended for processing photographic
sources. Via perceptual rendering, low saturation colors are
changed very little whereas more saturated colors within the
gamuts of both color spaces may be altered to differentiate
them from saturated colors outside the smaller gamut color
space. Algorithms implementing perceptual rendering can be
quite complex. On the right side of FIG. 7, perceptual render-
ing is conceptually depicted; source and target color spaces
are indicated as rectangular blocks, in which the left and right
sides of the blocks represent saturated colors and the middle
of the blocks represents neutral gray. Perceptual rendering
applies the same gamut compression to all images, even when
the image contains no significant out-of-gamut colors. Per-
ceptual rendering is mostly reversible, and generally is most
accurate in 48-bit color devices.

None of the other three rendering intents is reversible. In
“relative colorimetric” rendering, a color engine is configured
to reproduce in-gamut colors exactly and clip out-of-gamut
colors to the nearest reproducible hue. This type of rendering
is conceptually depicted on the left side of FIG. 7. In “abso-
lute calorimetric” rendering, in-gamut colors are reproduced
exactly and out-of-gamut colors are clipped to the nearest
reproducible hue, sacrificing saturation and possibly light-
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ness. Inthis type of rendering, on tinted papers, whites may be
darkened to keep the hue identical to the original. For
example, cyan may be added to the white of a cream-colored
paper, effectively darkening the image. Finally, in “saturation
rendering,” saturated primary colors in the source are mapped
to the closest saturated primary colors in the target, neglecting
differences in hue, saturation, or lightness.

In sum, the concept of color management in computer
environments has two key features. First, color devices or
color images are each associated with a “color management
profile” (e.g., an ICC profile) that defines a mapping between
adevice gamut (e.g., associated with a scanner, printer, moni-
tor, digital camera, etc.) or a color space (e.g., associated with
a digital image) and a common “working color space” (e.g., a
“profile connection space” or PCS). Second, a color matching
module (CMM), or “color engine,” uses the information in the
color management profiles to perform a mapping between a
source gamut or color space to a target gamut or color space,
via the intermediary of the working color space (e.g., the
PCS). Some of the challenging details of color management
include selecting an appropriate rendering intent imple-
mented by a color engine to achieve the most reasonable color
rendition for a given mapping.

While the discussion above regarding color management
focused on the CIE XYZ color space as a working color space
(profile connection space), it should be appreciated that a
variety of color models, color spaces, or color systems may be
used as a working color space in a color-managed workflow.
For example, in Microsoft Windows and Microsoft Office
products, every driver for an input color device makes a color
transformation from the color space of the device to sSRGB
space; for an output device or monitor, the associated driver
then makes a color transformation from sRGB space to the
color space of the output device. Hence, in the Microsoft
implementation of color management, the sSRGB space serves
as the working color space. Other vendors, such as Apple,
implement color management techniques via the ICC speci-
fication discussed above, and utilize one of the CIE color
systems as a profile connection space. In particular, Apple’s
ColorSync color engine is fully integrated into the Mac oper-
ating system and fully supports ICC standards for managing
color.

Also, while the ICC profile specification was discussed as
one important component of an exemplary color-managed
workflow, it should be appreciated that other color manage-
ment approaches exist specifying profile formats (e.g., Open-
EXR Color Management Proposal, IQA) and design of color
matching modules or color engines. Finally, it should also be
appreciated that different aspects of color management may
be implemented in an operating system, by applications run-
ning in an operating system, and/or in color devices them-
selves.

SUMMARY

Applicants have recognized and appreciated that the con-
cept of color management and color-managed workflow may
be applied to lighting apparatus configured to generate multi-
colored light, including lighting apparatus based on LED
sources. Accordingly, various embodiments of the present
disclosure are directed to color management methods and
apparatus for lighting devices.

In various embodiments, color management principles
may be employed to facilitate the generation of variable color
light (or variable color temperature white light) from one or
more lighting apparatus based on any of a number of possible
input specifications for a desired color. For example, in one
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embodiment, a transformation between an arbitrary input
specification for a desired color and a lighting command
processed by a given lighting apparatus is accomplished via
the use of a source color management profile for the input
specification of the desired color, a target color management
profile for the lighting apparatus, and a common working
color space.

In various aspects, the common working color space may
be the CIE XYZ color space or a variety of other color spaces.
Similarly, the color management profiles for the input speci-
fication of the desired color and the lighting device may be
ICC profiles, or color management profiles having other for-
mats. In other aspects, the input specification for a desired
color may be based on a computer input peripheral (e.g., a
scanner, a digital camera, etc.) or a digital color image file. In
another aspect, one or more commercial (vendor-specified)
colors, such as a Pantone, Munsell, Rosco, Lee or GAM
colors, may be specified in the working color space and
recreated or approximated (e.g., pursuant one or more ren-
dering intents) on one or more lighting apparatus based on a
target color management profile. In another aspect, the target
color management profile for a given lighting apparatus may
bebased on atarget color space representing the device gamut
for the lighting apparatus, or a reference color gamut common
to multiple lighting apparatus (e.g., a predetermined industry-
specified color space). In yet another aspect, the target color
management profile may be based on a target color space
derived from a model of a surface illuminated by one or more
lighting apparatus.

In sum, one embodiment of the present disclosure is
directed to a color-managed illumination system, comprising
at least one lighting unit. The at least one lighting unit com-
prises at least one first LED configured to generate first light
having a first spectrum, at least one second LED configured to
generate second light having a second spectrum different
from the first spectrum, and at least one controller configured
to control the first light and the second light so as to generate
from the at least one lighting unit a range of colors or color
temperatures of perceived light. The color-managed illumi-
nation system further comprises at least one target color man-
agement profile associated with the at least one lighting unit,
the at least one target color management profile representing
a first mapping from a working color space for the color-
managed illumination system to a lighting unit color gamut
that specifies the range of colors or color temperatures of the
perceived light that can generated by the at least one lighting
unit.

Another embodiment of the present disclosure is directed
to a color-managed illumination method, comprising acts of:
A) energizing at least one first LED to generate first light
having a first spectrum; B) energizing at least one second
LED to generate second light having a second spectrum dif-
ferent from the first spectrum; and C) controlling the first light
and the second light so as to generate a range of colors or color
temperatures of perceived light based at least in part on at
least one target color management profile associated with at
least the first spectrum and the second spectrum, the at least
one target color management profile representing a first map-
ping from a working color space for the color-managed illu-
mination method to a lighting color gamut that specifies the
range of colors or color temperatures of the perceived light
that can be generated.

As used herein for purposes of the present disclosure, the
term “LED” should be understood to include any electrolu-
minescent diode or other type of carrier injection/junction-
based system that is capable of generating radiation in
response to an electric signal. Thus, the term LED includes,
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but is not limited to, various semiconductor-based structures
that emit light in response to current, light emitting polymers,
electroluminescent strips, and the like.

In particular, the term LED refers to light emitting diodes
of all types (including semi-conductor and organic light emit-
ting diodes) that may be configured to generate radiation in
one or more of the infrared spectrum, ultraviolet spectrum,
and various portions of the visible spectrum (generally
including radiation wavelengths from approximately 400
nanometers to approximately 700 nanometers). Some
examples of LEDs include, but are not limited to, various
types of infrared LEDs, ultraviolet LEDs, red LEDs, blue
LEDs, green LEDs, yellow LEDs, amber LEDs, orange
LEDs, and white LEDs (discussed further below). It also
should be appreciated that LEDs may be configured and/or
controlled to generate radiation having various bandwidths
(e.g., full widths at half maximum, or FWHM) for a given
spectrum (e.g., narrow bandwidth, broad bandwidth), and a
variety of dominant wavelengths within a given general color
categorization.

For example, one implementation of an LED configured to
generate essentially white light (e.g., a white LED) may
include a number of dies which respectively emit different
spectra of electroluminescence that, in combination, mix to
form essentially white light. In another implementation, a
white light LED may be associated with a phosphor material
that converts electroluminescence having a first spectrum to a
different second spectrum. In one example of this implemen-
tation, electroluminescence having a relatively short wave-
length and narrow bandwidth spectrum “pumps” the phos-
phor material, which in turn radiates longer wavelength
radiation having a somewhat broader spectrum.

It should also be understood that the term LED does not
limit the physical and/or electrical package type of an LED.
For example, as discussed above, an LED may refer to a
single light emitting device having multiple dies that are
configured to respectively emit different spectra of radiation
(e.g., that may or may not be individually controllable). Also,
an LED may be associated with a phosphor that is considered
as an integral part of the LED (e.g., some types of white
LEDs). In general, the term LED may refer to packaged
LEDs, non-packaged LEDs, surface mount LEDs, chip-on-
board LEDs, T-package mount LEDs, radial package LEDs,
power package LEDs, LEDs including some type of encase-
ment and/or optical element (e.g., a diffusing lens), etc.

The term “light source” should be understood to refer to
any one or more of a variety of radiation sources, including,
but not limited to, LED-based sources (including one or more
LEDs as defined above), incandescent sources (e.g., filament
lamps, halogen lamps), fluorescent sources, phosphorescent
sources, high-intensity discharge sources (e.g., sodium vapor,
mercury vapor, and metal halide lamps), lasers, other types of
electroluminescent sources, pyro-luminescent sources (e.g.,
flames), candle-luminescent sources (e.g., gas mantles, car-
bon arc radiation sources), photo-luminescent sources (e.g.,
gaseous discharge sources), cathode luminescent sources
using electronic satiation, galvano-luminescent sources,
crystallo-luminescent sources, kine-luminescent sources,
thermo-luminescent sources, triboluminescent sources,
sonoluminescent sources, radioluminescent sources, and
luminescent polymers.

A given light source may be configured to generate elec-
tromagnetic radiation within the visible spectrum, outside the
visible spectrum, or a combination of both. Hence, the terms
“light” and “radiation” are used interchangeably herein.
Additionally, a light source may include as an integral com-
ponent one or more filters (e.g., color filters), lenses, or other
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optical components. Also, it should be understood that light
sources may be configured for a variety of applications,
including, but not limited to, indication, display, and/or illu-
mination. An “illumination source” is a light source that is
particularly configured to generate radiation having a suffi-
cient intensity to effectively illuminate an interior or exterior
space. In this context, “sufficient intensity” refers to sufficient
radiant power in the visible spectrum generated in the space
or environment (the unit “lumens” often is employed to rep-
resent the total light output from a light source in all direc-
tions, in terms of radiant power or “luminous flux”) to provide
ambient illumination (i.e., light that may be perceived indi-
rectly and that may be, for example, reflected off of one or
more of a variety of intervening surfaces before being per-
ceived in whole or part).

The term “spectrum” should be understood to refer to any
one or more frequencies (or wavelengths) of radiation pro-
duced by one or more light sources. Accordingly, the term
“spectrum” refers to frequencies (or wavelengths) not only in
the visible range, but also frequencies (or wavelengths) in the
infrared, ultraviolet, and other areas of the overall electro-
magnetic spectrum. Also, a given spectrum may have a rela-
tively narrow bandwidth (e.g., a FWHM having essentially
few frequency or wavelength components) or a relatively
wide bandwidth (several frequency or wavelength compo-
nents having various relative strengths). It should also be
appreciated that a given spectrum may be the result of a
mixing of two or more other spectra (e.g., mixing radiation
respectively emitted from multiple light sources).

For purposes of this disclosure, the term “color” is used
interchangeably with the term “spectrum.” However, the term
“color” generally is used to refer primarily to a property of
radiation that is perceivable by an observer (although this
usage is not intended to limit the scope of this term). Accord-
ingly, the terms “different colors” implicitly refer to multiple
spectra having different wavelength components and/or
bandwidths. It also should be appreciated that the term
“color” may be used in connection with both white and non-
white light.

The term “color temperature” generally is used herein in
connection with white light, although this usage is not
intended to limit the scope of this term. Color temperature
essentially refers to a particular color content or shade (e.g.,
reddish, bluish) of white light. The color temperature of a
given radiation sample conventionally is characterized
according to the temperature in degrees Kelvin (K) ofa black
body radiator that radiates essentially the same spectrum as
the radiation sample in question. Black body radiator color
temperatures generally fall within a range of from approxi-
mately 700 degrees K (typically considered the first visible to
the human eye) to over 10,000 degrees K; white light gener-
ally is perceived at color temperatures above 1500-2000
degrees K.

Lower color temperatures generally indicate white light
having a more significant red component or a “warmer feel,”
while higher color temperatures generally indicate white light
having a more significant blue component or a “cooler feel.”
By way of example, fire has a color temperature of approxi-
mately 1,800 degrees K, a conventional incandescent bulb has
a color temperature of approximately 2848 degrees K, early
morning daylight has a color temperature of approximately
3,000 degrees K, and overcast midday skies have a color
temperature of approximately 10,000 degrees K. A color
image viewed under white light having a color temperature of
approximately 3,000 degree K has a relatively reddish tone,
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whereas the same color image viewed under white light hav-
ing a color temperature of approximately 10,000 degrees K
has a relatively bluish tone.

The terms “lighting unit” and “lighting fixture” are used
interchangeably herein to refer to an apparatus including one
or more light sources of same or different types. A given
lighting unit may have any one of a variety of mounting
arrangements for the light source(s), enclosure/housing
arrangements and shapes, and/or electrical and mechanical
connection configurations. Additionally, a given lighting unit
optionally may be associated with (e.g., include, be coupled
to and/or packaged together with) various other components
(e.g., control circuitry) relating to the operation of the light
source(s). An “LED-based lighting unit” refers to a lighting
unit that includes one or more LED-based light sources as
discussed above, alone or in combination with other non
LED-based light sources.

Theterms “processor” or “controller” are used herein inter-
changeably to describe various apparatus relating to the
operation of one or more light sources. A processor or con-
troller can be implemented in numerous ways, such as with
dedicated hardware, using one or more microprocessors that
are programmed using software (e.g., microcode) to perform
the various functions discussed herein, or as a combination of
dedicated hardware to perform some functions and pro-
grammed microprocessors and associated circuitry to per-
form other functions. Examples of processor or controller
components that may be employed in various embodiments
of the present invention include, but are not limited to, con-
ventional microprocessors, application specific integrated
circuits (ASICs), and field-programmable gate arrays (FP-
GAs).

In various implementations, a processor or controller may
be associated with one or more storage media (generically
referred to herein as “memory,” e.g., volatile and non-volatile
computer memory such as RAM, PROM, EPROM, and
EEPROM, floppy disks, compact disks, optical disks, mag-
netic tape, etc.). In some implementations, the storage media
may be encoded with one or more programs that, when
executed on one or more processors and/or controllers, per-
form at least some of the functions discussed herein. Various
storage media may be fixed within a processor or controller or
may be transportable, such that the one or more programs
stored thereon can be loaded into a processor or controller so
as to implement various aspects of the present invention dis-
cussed herein. The terms “program” or “computer program”
are used herein in a generic sense to refer to any type of
computer code (e.g., software or microcode) that can be
employed to program one or more processors or controllers.

The term “addressable” is used herein to refer to a device
(e.g., a light source in general, a lighting unit or fixture, a
controller or processor associated with one or more light
sources or lighting units, other non-lighting related devices,
etc.) that is configured to receive information (e.g., data)
intended for multiple devices, including itself, and to selec-
tively respond to particular information intended for it. The
term “addressable” often is used in connection with a net-
worked environment (or a “network,” discussed further
below), in which multiple devices are coupled together via
some communications medium or media.

In one network implementation, one or more devices
coupledto a network may serve as a controller for one or more
other devices coupled to the network (e.g., in a master/slave
relationship). In another implementation, a networked envi-
ronment may include one or more dedicated controllers that
are configured to control one or more of the devices coupled
to the network. Generally, multiple devices coupled to the
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network each may have access to data that is present on the
communications medium or media; however, a given device
may be “addressable” in that it is configured to selectively
exchange data with (i.e., receive data from and/or transmit
data to) the network, based, for example, on one or more
particular identifiers (e.g., “addresses”) assigned to it.

The term “network”™ as used herein refers to any intercon-
nection of two or more devices (including controllers or pro-
cessors) that facilitates the transport of information (e.g. for
device control, data storage, data exchange, etc.) between any
two or more devices and/or among multiple devices coupled
to the network. As should be readily appreciated, various
implementations of networks suitable for interconnecting
multiple devices may include any of a variety of network
topologies and employ any of a variety of communication
protocols. Additionally, in various networks according to the
present invention, any one connection between two devices
may represent a dedicated connection between the two sys-
tems, or alternatively a non-dedicated connection. In addition
to carrying information intended for the two devices, such a
non-dedicated connection may carry information not neces-
sarily intended for either of the two devices (e.g., an open
network connection). Furthermore, it should be readily
appreciated that various networks of devices as discussed
herein may employ one or more wireless, wire/cable, and/or
fiber optic links to facilitate information transport throughout
the network.

The term “user interface” as used herein refers to an inter-
face between a human user or operator and one or more
devices that enables communication between the user and the
device(s). Examples of user interfaces that may be employed
in various implementations of the present invention include,
but are not limited to, switches, potentiometers, buttons,
dials, sliders, a mouse, keyboard, keypad, various types of
game controllers (e.g., joysticks), track balls, display screens,
various types of graphical user interfaces (GUIs), touch
screens, microphones and other types of sensors that may
receive some form of human-generated stimulus and generate
a signal in response thereto.

The following patents and patent applications are hereby
incorporated herein by reference:

U.S. Pat. No. 6,016,038, issued Jan. 18, 2000, entitled
“Multicolored LED Lighting Method and Apparatus;”

U.S. Pat. No. 6,211,626, issued Apr. 3, 2001, entitled “Illu-
mination Components,”

U.S. Pat. No. 6,608,453, issued Aug. 19, 2003, entitled
“Methods and Apparatus for Controlling Devices in a Net-
worked Lighting System;”

U.S. Pat. No. 6,548,967, issued Apr. 15, 2003, entitled
“Universal Lighting Network Methods and Systems;”

U.S. patent application Ser. No. 09/886,958, filed Jun. 21,
2001, entitled Method and Apparatus for Controlling a Light-
ing System in Response to an Audio Input;”

U.S. patent application Ser. No. 10/078,221, filed Feb. 19,
2002, entitled “Systems and Methods for Programming Illu-
mination Devices;”

U.S. patent application Ser. No. 09/344,699, filed Jun. 25,
1999, entitled “Method for Software Driven Generation of
Multiple Simultaneous High Speed Pulse Width Modulated
Signals;”

U.S. patent application Ser. No. 09/805,368, filed Mar. 13,
2001, entitled “Light-Emitting Diode Based Products;”

U.S. patent application Ser. No. 09/716,819, filed Nov. 20,
2000, entitled “Systems and Methods for Generating and
Modulating [llumination Conditions;”
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U.S. patent application Ser. No. 09/675,419, filed Sep. 29,
2000, entitled “Systems and Methods for Calibrating Light
Output by Light-Emitting Diodes;”

U.S. patent application Ser. No. 09/870,418, filed May 30,
2001, entitled “A Method and Apparatus for Authoring and
Playing Back Lighting Sequences;”

U.S. patent application Ser. No. 10/045,604, filed Mar. 27,
2003, entitled “Systems and Methods for Digital Entertain-
ment;”

U.S. patent application Ser. No. 10/045,629, filed Oct. 25,
2001, entitled “Methods and Apparatus for Controlling Illu-
mination;”

U.S. patent application Ser. No. 09/989,677, filed Nov. 20,
2001, entitled “Information Systems;”

U.S. patent application Ser. No. 10/158,579, filed May 30,
2002, entitled “Methods and Apparatus for Controlling
Devices in a Networked Lighting System;”

U.S. patent application Ser. No. 10/163,085, filed Jun. 5,
2002, entitled “Systems and Methods for Controlling Pro-
grammable Lighting Systems;”

U.S. patent application Ser. No. 10/174,499, filed Jun. 17,
2002, entitled “Systems and Methods for Controlling I1lumi-
nation Sources;”

U.S. patent application Ser. No. 10/245,788, filed Sep. 17,
2002, entitled “Methods and Apparatus for Generating and
Modulating White Light Illumination Conditions;”

U.S. patent application Ser. No. 10/245,786, filed Sep. 17,
2002, entitled “Light Emitting Diode Based Products;”

U.S. patent application Ser. No. 10/325,635, filed Dec. 19,
2002, entitled “Controlled Lighting Methods and Appara-
tus;”

U.S. patent application Ser. No. 10/360,594, filed Feb. 6,
2003, entitled “Controlled Lighting Methods and Appara-
tus;”

U.S. patent application Ser. No. 10/435,687, filed May 9,
2003, entitled “Methods and Apparatus for Providing Power
to Lighting Devices;”

U.S. patent application Ser. No. 10/828,933, filed Apr. 21,
2004, entitled “Tile Lighting Methods and Systems;”

U.S. patent application Ser. No. 10/839,765, filed May 5,
2004, entitled “Lighting Methods and Systems;”

U.S. patent application Ser. No. 11/010,840, filed Dec. 13,
2004, entitled “Thermal Management Methods and Appara-
tus for Lighting Devices;”

U.S. patent application Ser. No. 11/079,904, filed Mar. 14,
2005, entitled “LLED Power Control Methods and Apparatus;”

U.S. patent application Ser. No. 11/081,020, filed on Mar.
15, 2005, entitled “Methods and Systems for Providing
Lighting Systems;”

U.S. patent application Ser. No. 11/178,214, filed Jul. 8,
2005, entitled “LED Package Methods and Systems;”

U.S. patent application Ser. No. 11/225,377, filed Sep. 12,
2005, entitled “Power Control Methods and Apparatus for
Variable Loads;” and

U.S. patent application Ser. No. 11/224,683, filed Sep. 12,
2005, entitled “Lighting Zone Control Methods and Sys-
tems.”

It should be appreciated that all combinations of the fore-
going concepts and additional concepts discussed in greater
detail below are contemplated as being part of the inventive
subject matter disclosed herein. In particular, all combina-
tions of claimed subject matter appearing at the end of this
disclosure are contemplated as being part of the inventive
subject matter disclosed herein.



US 7,710,369 B2

19
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the conventional CIE Chromaticity Dia-
gram.

FIG. 2 illustrates the diagram of FIG. 1, with approximate
color categorizations indicated thereon.

FIG. 3 illustrates a portion of the diagram of FIG. 2, onto
which is mapped a white light/black body curve representing
color temperatures of white light.

FIG. 4 illustrates the diagram of FIG. 1, onto which are
mapped exemplary gamuts for various color devices com-
monly found in a conventional computer environment.

FIG. 5 illustrates the general concept of color management
in terms of a “color-managed workflow” in a computer envi-
ronment.

FIG. 6 illustrates a color management source-target gamut
mapping process.

FIG. 7 illustrates various rendering intents that may be
used in the source-target gamut mapping process shown in
FIG. 6.

FIG. 8 is a diagram illustrating a lighting unit according to
one embodiment of the disclosure.

FIG.9is adiagram illustrating a networked lighting system
according to one embodiment of the disclosure.

FIG. 10 illustrates the CIE diagram of FIG. 1, onto which
is mapped an exemplary device gamut for a lighting unit
according to one embodiment of the disclosure.

FIG. 11 illustrates various elements of a color-managed
system or process for one or more lighting units according to
one embodiment of the disclosure.

FIGS. 12A and 12B conceptually illustrate an exemplary
application for one or more lighting units configured for use
in a color-managed process or system, according to one
embodiment of the disclosure, in which a color of an illumi-
nated surface is emulated.

DETAILED DESCRIPTION

Various embodiments of the present disclosure are
described below, including certain embodiments relating par-
ticularly to LED-based light sources. It should be appreci-
ated, however, that the present disclosure is not limited to any
particular manner of implementation, and that the various
embodiments discussed explicitly herein are primarily for
purposes of illustration. For example, the various concepts
discussed herein may be suitably implemented in a variety of
environments involving LED-based light sources, other types
of light sources not including LEDs, environments that
involve both LEDs and other types of light sources in com-
bination, and environments that involve non-lighting-related
devices alone or in combination with various types of light
sources.

The present disclosure is directed generally to color man-
agement methods and apparatus for lighting devices/appara-
tus, including lighting units or fixtures based on LED sources.
In various embodiments, color management principles may
be employed to facilitate the generation of variable color light
(or variable color temperature white light) from one or more
lighting apparatus based on any of a number of possible input
specifications for a desired color. For example, in one
embodiment, a transformation between an arbitrary input
specification for a desired color and a lighting command
processed by a given lighting apparatus is accomplished via
the use of a source color management profile for the input
specification of the desired color, a target color management
profile for the lighting apparatus, and a common working
color space.
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In various aspects of different embodiments, the common
working color space may be the CIE XYZ color space or a
variety of other color spaces. Similarly, color management
profiles for the input specification of the desired color and the
lighting device may be ICC profiles, or color management
profiles having other formats. In other aspects, the input
specification for a desired color may be based on a computer
input peripheral (e.g., a scanner, a digital camera, etc.), a
digital color image file, or a commercial color specification
such as a Pantone, Munsell, Rosco, Lee or GAM color speci-
fication (a library of vendor-specified or custom colors may
be defined in the working color space). In another aspect, the
target color management profile for a given lighting apparatus
may be based on a target color space representing the device
gamut for the lighting apparatus, or a reference color gamut
common to multiple lighting apparatus (e.g., a reference
gamut that is based on a predefined industry-standard color
space for a class of devices). In yet another aspect, the target
color management profile may be based on a target color
space derived from a model of a surface illuminated by one or
more lighting apparatus.

Solid-state lighting devices (e.g., light emitting diodes, or
LEDs) are employed in many lighting applications. In one
exemplary implementation, to create multi-colored or white
light, multiple different color LEDs may be employed to
represent the primary colors (e.g., red LEDs, blue LEDs and
green LEDs). Although not completely monochromatic, the
radiation generated by many “colored” LEDs (i.e., non-white
LEDs) characteristically has a very narrow bandwidth spec-
trum (e.g., a full-width at half maximum, or FWHM, on the
order of approximately 5-10 nanometers). Exemplary
approximate dominant wavelengths for commonly available
red, green and blue LEDs include 615-635 nanometers forred
LEDs, 515-535 nanometers for green LEDs, and 460-475
nanometers for blue LEDs.

Exemplary variable-color and white light generating appa-
ratus based on LED light sources are discussed below in
connection with FIGS. 8 and 9. It should be appreciated that
while some exemplary apparatus are discussed herein in
terms of red, green and blue LED sources, the present disclo-
sure is not limited in this respect; namely, light generating
apparatus according to various embodiments of the present
disclosure may include LEDs having any of a variety of
dominant wavelengths and overall spectrums (e.g., red LEDs,
green LEDs, blue LEDs, cyan LEDs, yellow LEDs, amber
LEDs, orange LEDs, broader spectrum white LEDs having
various color temperatures, etc.)

FIG. 8 illustrates one example of a lighting unit 100 that
maybe configured for use in a color-managed system, accord-
ing to one embodiment of the present disclosure. Some
examples of LED-based lighting units similar to those that are
described below in connection with FIG. 8 may be found, for
example, in U.S. Pat. No. 6,016,038, issued Jan. 18, 2000 to
Mueller et al., entitled “Multicolored LED Lighting Method
and Apparatus,” and U.S. Pat. No. 6,211,626, issued Apr. 3,
2001 to Lys et al, entitled “Illumination Components,” which
patents are both hereby incorporated herein by reference.

Invarious embodiments of the present disclosure, the light-
ing unit 100 shown in FIG. 8 may be used alone or together
with other similar lighting units in a system of lighting units
(e.g., as discussed further below in connection with FIG. 9).
Used alone or in combination with other lighting units, the
lighting unit 100 may be employed in a variety of applications
including, but not limited to, interior or exterior space (e.g.,
architectural) illumination in general, direct or indirect illu-
mination of objects or spaces, theatrical or other entertain-
ment-based/special effects lighting, decorative lighting,



US 7,710,369 B2

21

safety-oriented lighting, vehicular lighting, illumination of
displays and/or merchandise (e.g. for advertising and/or in
retail/consumer environments), combined illumination and
communication systems, etc., as well as for various indica-
tion, display and informational purposes.

Additionally, one or more lighting units similar to that
described in connection with FIG. 8 may be implemented in
a variety of products including, but not limited to, various
forms of light modules or bulbs having various shapes and
electrical/mechanical coupling arrangements (including
replacement or “retrofit” modules or bulbs adapted for use in
conventional sockets or fixtures), as well as a variety of con-
sumer and/or household products (e.g., night lights, toys,
games or game components, entertainment components or
systems, utensils, appliances, kitchen aids, cleaning products,
etc.) and architectural components (e.g., lighted panels for
walls, floors, ceilings, lighted trim and ornamentation com-
ponents, etc.).

In one embodiment, the lighting unit 100 shown in FIG. 8
may include one or more light sources 104A, 104B, and 104C
(shown collectively as 104), wherein one or more of the light
sources may be an LED-based light source that includes one
or more light emitting diodes (LEDs). In one aspect of this
embodiment, any two or more of the light sources 104A,
104B, and 104C may be adapted to generate radiation of
different colors (e.g. red, green, and blue, respectively).
Although FIG. 8 shows three light sources 104A, 104B, and
104C, it should be appreciated that the lighting unit is not
limited in this respect, as different numbers and various types
of'light sources (all LED-based light sources, LED-based and
non-LED-based light sources in combination, etc.) adapted to
generate radiation of a variety of different colors, including
essentially white light, may be employed in the lighting unit
100, as discussed further below.

As shown in FIG. 8, the lighting unit 100 also may include
a processor 102 that is configured to output one or more
control signals to drive the light sources 104A, 104B, and
104C so as to generate various intensities of light from the
light sources. For example, in one implementation, the pro-
cessor 102 may be configured to output at least one control
signal for each light source so as to independently control the
intensity of light (e.g., radiant power in lumens) generated by
each light source. Some examples of control signals that may
be generated by the processor to control the light sources
include, but are not limited to, pulse modulated signals, pulse
width modulated signals (PWM), pulse amplitude modulated
signals (PAM), pulse code modulated signals (PCM) analog
control signals (e.g., current control signals, voltage control
signals), combinations and/or modulations of the foregoing
signals, or other control signals. In one aspect, one or more
modulation techniques provide for variable control using a
fixed current level applied to one or more LEDs, so as to
mitigate potential undesirable or unpredictable variations in
LED output that may arise if a variable LED drive current
were employed. In another aspect, the processor 102 may
control other dedicated circuitry (not shown in FIG. 8) which
in turn controls the light sources so as to vary their respective
intensities.

In one embodiment of the lighting unit 100, one or more of
the light sources 104 A, 104B, and 104C shown in FIG. 8 may
include a group of multiple LEDs or other types of light
sources (e.g., various parallel and/or serial connections of
LEDs or other types of light sources) that are controlled
together by the processor 102. Additionally, it should be
appreciated that one or more of the light sources 104 A, 1048,
and 104C may include one or more LEDs that are adapted to
generate radiation having any of a variety of spectra (i.e.,
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wavelengths or wavelength bands), including, but not limited
to, various visible colors (including essentially white light),
various color temperatures of white light, ultraviolet, or infra-
red. LEDs having a variety of spectral bandwidths (e.g., nar-
row band, broader band) may be employed in various imple-
mentations of the lighting unit 100.

In another aspect of the lighting unit 100 shown in FIG. 8,
the lighting unit 100 may be constructed and arranged to
produce a wide range of variable color radiation. For
example, the lighting unit 100 may be particularly arranged
such that the processor-controlled variable intensity (i.e.,
variable radiant power) light generated by two or more of the
light sources combines to produce a mixed colored light
(including essentially white light having a variety of color
temperatures). In particular, the color (or color temperature)
of the mixed colored light may be varied by varying one or
more of the respective intensities (output radiant power) of
the light sources (e.g., in response to one or more control
signals output by the processor 102). Furthermore, the pro-
cessor 102 may be particularly configured (e.g., pro-
grammed) to provide control signals to one or more of the
light sources so as to generate a variety of static or time-
varying (dynamic) multi-color (or multi-color temperature)
lighting effects.

Thus, the lighting unit 100 may include a wide variety of
colors of LEDs in various combinations, including two or
more of red, green, and blue LEDs to produce a color mix, as
well as one or more other LEDs to create varying colors and
color temperatures of white light. For example, red, green and
blue can be mixed with amber, white, UV, orange, IR or other
colors of LEDs. Such combinations of differently colored
LEDs in the lighting unit 100 can facilitate accurate repro-
duction of a host of desirable spectrums of lighting condi-
tions, examples of which include, but are not limited to, a
variety of outside daylight equivalents at different times of the
day, various interior lighting conditions, lighting conditions
to simulate a complex multicolored background, and the like.
Other desirable lighting conditions can be created by remov-
ing particular pieces of spectrum that may be specifically
absorbed, attenuated or reflected in certain environments.
Water, for example tends to absorb and attenuate most non-
blue and non-green colors of light, so underwater applications
may benefit from lighting conditions that are tailored to
emphasize or attenuate some spectral elements relative to
others.

As shown in FIG. 8, the lighting unit 100 also may include
amemory 114 to store various information. For example, the
memory 114 may be employed to store one or more lighting
programs for execution by the processor 102 (e.g., to generate
one or more control signals for the light sources), as well as
various types of data useful for generating variable color
radiation (e.g., calibration information, discussed further
below). The memory 114 also may store one or more particu-
lar identifiers (e.g., a serial number, an address, etc.) that may
be used either locally or on a system level to identify the
lighting unit 100. In various embodiments, such identifiers
may be pre-programmed by a manufacturer, for example, and
may be either alterable or non-alterable thereafter (e.g., via
some type of user interface located on the lighting unit, via
one or more data or control signals received by the lighting
unit, etc.). Alternatively, such identifiers may be determined
at the time of initial use of the lighting unit in the field, and
again may be alterable or non-alterable thereafter.

One issue that may arise in connection with controlling
multiple light sources in the lighting unit 100 of FIG. 8, and
controlling multiple lighting units 100 in a lighting system
(e.g., as discussed below in connection with FIG. 9), relates to
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potentially perceptible differences in light output between
substantially similar light sources. For example, given two
virtually identical light sources being driven by respective
identical control signals, the actual intensity of light (e.g.,
radiant power in lumens) output by each light source may be
measurably different. Such a difference in light output may be
attributed to various factors including, for example, slight
manufacturing differences between the light sources, normal
wear and tear over time of the light sources that may differ-
ently alter the respective spectrums of the generated radia-
tion, etc. For purposes of the present discussion, light sources
for which a particular relationship between a control signal
and resulting output radiant power are not known are referred
to as “uncalibrated” light sources.

The use of one or more uncalibrated light sources in the
lighting unit 100 shown in FIG. 8 may result in generation of
light having an unpredictable, or “uncalibrated,” color or
color temperature. For example, consider a first lighting unit
including a first uncalibrated red light source and a first
uncalibrated blue light source, each controlled by a corre-
sponding control signal having an adjustable parameter in a
range of from zero to 255 (0-255), wherein the maximum
value of 255 represents the maximum radiant power available
from the light source. For purposes of this example, if the red
control signal is set to zero and the blue control signal is
non-zero, blue light is generated, whereas if the blue control
signal is set to zero and the red control signal is non-zero, red
light is generated. However, if both control signals are varied
from non-zero values, a variety of perceptibly different colors
may be produced (e.g., in this example, at very least, many
different shades of purple are possible). In particular, perhaps
a particular desired color (e.g., lavender) is given by a red
control signal having a value of 125 and a blue control signal
having a value of 200.

Now consider a second lighting unit including a second
uncalibrated red light source substantially similar to the first
uncalibrated red light source of the first lighting unit, and a
second uncalibrated blue light source substantially similar to
the first uncalibrated blue light source of the first lighting unit.
As discussed above, even if both of the uncalibrated red light
sources are driven by respective identical control signals, the
actual intensity of light (e.g., radiant power in lumens) output
by each red light source may be measurably different. Simi-
larly, even if both of the uncalibrated blue light sources are
driven by respective identical control signals, the actual light
output by each blue light source may be measurably different.

With the foregoing in mind, it should be appreciated that if
multiple uncalibrated light sources are used in combination in
lighting units to produce a mixed colored light as discussed
above, the observed color (or color temperature) of light
produced by different lighting units under identical control
conditions may be perceivably different. Specifically, con-
sider again the “lavender” example above; the “first lavender”
produced by the first lighting unit with a red control signal
having a value of 125 and a blue control signal having a value
of 200 indeed may be perceivably different than a “second
lavender” produced by the second lighting unit with a red
control signal having a value of 125 and a blue control signal
having a value of 200. More generally, the first and second
lighting units generate uncalibrated colors by virtue of their
uncalibrated light sources.

In view of the foregoing, in one embodiment of the present
disclosure, the lighting unit 100 includes calibration means to
facilitate the generation of light having a calibrated (e.g.,
predictable, reproducible) color at any given time. In one
aspect, the calibration means is configured to adjust (e.g.,
scale) the light output of at least some light sources of the
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lighting unit so as to compensate for perceptible differences
between similar light sources used in different lighting units.

For example, in one embodiment, the processor 102 of the
lighting unit 100 is configured to control one or more of the
light sources 104A, 104B, and 104C so as to output radiation
at a calibrated intensity that substantially corresponds in a
predetermined manner to a control signal for the light source
(s). As a result of mixing radiation having different spectra
and respective calibrated intensities, a calibrated color is pro-
duced. In one aspect of this embodiment, at least one calibra-
tion value for each light source is stored in the memory 114,
and the processor is programmed to apply the respective
calibration values to the control signals for the corresponding
light sources so as to generate the calibrated intensities.

In one aspect of this embodiment, one or more calibration
values may be determined once (e.g., during a lighting unit
manufacturing/testing phase) and stored in the memory 114
for use by the processor 102. In another aspect, the processor
102 may be configured to derive one or more calibration
values dynamically (e.g. from time to time) with the aid of
one or more photosensors, for example. In various embodi-
ments, the photosensor(s) may be one or more external com-
ponents coupled to the lighting unit, or alternatively may be
integrated as part of the lighting unit itself. A photosensor is
one example of a signal source that may be integrated or
otherwise associated with the lighting unit 100, and moni-
tored by the processor 102 in connection with the operation of
the lighting unit. Other examples of such signal sources are
discussed further below, in connection with the signal source
124 shown in FIG. 8.

One exemplary method that may be implemented by the
processor 102 to derive one or more calibration values
includes applying a reference control signal to a light source
(e.g., corresponding to maximum output radiant power), and
measuring (e.g., via one or more photosensors) an intensity of
radiation (e.g., radiant power falling on the photosensor) thus
generated by the light source. The processor may be pro-
grammed to then make a comparison of the measured inten-
sity and at least one reference value (e.g., representing an
intensity that nominally would be expected in response to the
reference control signal). Based on such a comparison, the
processor may determine one or more calibration values (e.g.,
scaling factors) for the light source. In particular, the proces-
sor may derive a calibration value such that, when applied to
the reference control signal, the light source outputs radiation
having an intensity that corresponds to the reference value
(i.e., an “expected” intensity, e.g., expected radiant power in
lumens).

Invarious aspects, one calibration value may be derived for
an entire range of control signal/output intensities for a given
light source. Alternatively, multiple calibration values may be
derived for a given light source (i.e., a number of calibration
value “samples” may be obtained) that are respectively
applied over different control signal/output intensity ranges,
to approximate a nonlinear calibration function in a piecewise
linear manner.

In another aspect, as also shown in FIG. 8, the lighting unit
100 optionally may include one or more user interfaces 118
that are provided to facilitate any of a number of user-select-
able settings or functions (e.g., generally controlling the light
output of the lighting unit 100, changing and/or selecting
various pre-programmed lighting effects to be generated by
the lighting unit, changing and/or selecting various param-
eters of selected lighting effects, setting particular identifiers
such as addresses or serial numbers for the lighting unit, etc.).
In various embodiments, the communication between the
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user interface 118 and the lighting unit may be accomplished
through wire or cable, or wireless transmission.

In one implementation, the processor 102 of the lighting
unit monitors the user interface 118 and controls one or more
of the light sources 104 A, 104B, and 104C based at least in
part on a user’s operation of the interface. For example, the
processor 102 may be configured to respond to operation of
the user interface by originating one or more control signals
for controlling one or more of the light sources. Alternatively,
the processor 102 may be configured to respond by selecting
one or more pre-programmed control signals stored in
memory, modifying control signals generated by executing a
lighting program, selecting and executing a new lighting pro-
gram from memory, or otherwise affecting the radiation gen-
erated by one or more of the light sources.

In particular, in one implementation, the user interface 118
may constitute one or more switches (e.g., a standard wall
switch) that interrupt power to the processor 102. In one
aspect of this implementation, the processor 102 is configured
to monitor the power as controlled by the user interface, and
in turn control one or more of the light sources 104A, 1048,
and 104C based at least in part on a duration of a power
interruption caused by operation of the user interface. As
discussed above, the processor may be particularly config-
ured to respond to a predetermined duration of a power inter-
ruption by, for example, selecting one or more pre-pro-
grammed control signals stored in memory, modifying
control signals generated by executing a lighting program,
selecting and executing a new lighting program from
memory, or otherwise affecting the radiation generated by
one or more of the light sources.

FIG. 8 also illustrates that the lighting unit 100 may be
configured to receive one or more signals 122 from one or
more other signal sources 124. In one implementation, the
processor 102 of the lighting unit may use the signal(s) 122,
either alone or in combination with other control signals (e.g.,
signals generated by executing a lighting program, one or
more outputs from a user interface, etc.), so as to control one
or more of the light sources 104A, 104B and 104C in a
manner similar to that discussed above in connection with the
user interface.

Examples of the signal(s) 122 that may be received and
processed by the processor 102 include, but are not limited to,
one or more audio signals, video signals, power signals, vari-
ous types of data signals, signals representing information
obtained from a network (e.g., the Internet), signals repre-
senting one or more detectable/sensed conditions, signals
from lighting units, signals consisting of modulated light, etc.
In various implementations, the signal source(s) 124 may be
located remotely from the lighting unit 100, or included as a
component of the lighting unit. For example, in one embodi-
ment, a signal from one lighting unit 100 could be sent over a
network to another lighting unit 100.

Some examples of a signal source 124 that may be
employed in, or used in connection with, the lighting unit 100
of FIG. 8 include any of a variety of sensors or transducers
that generate one or more signals 122 in response to some
stimulus. Examples of such sensors include, but are not lim-
ited to, various types of environmental condition sensors,
such as thermally sensitive (e.g., temperature, infrared) sen-
sors, humidity sensors, motion sensors, photosensors/light
sensors (e.g., photodiodes, sensors that are sensitive to one or
more particular spectra of electromagnetic radiation such as
spectroradiometers or spectrophotometers, etc.), various
types of cameras, sound or vibration sensors or other pres-
sure/force transducers (e.g., microphones, piezoelectric
devices), and the like.
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Additional examples of a signal source 124 include various
metering/detection devices that monitor electrical signals or
characteristics (e.g., voltage, current, power, resistance,
capacitance, inductance, etc.) or chemical/biological charac-
teristics (e.g., acidity, a presence of one or more particular
chemical or biological agents, bacteria, etc.) and provide one
or more signals 122 based on measured values of the signals
or characteristics. Yet other examples of a signal source 124
include various types of scanners, image recognition systems,
voice or other sound recognition systems, artificial intelli-
gence and robotics systems, and the like. A signal source 124
could also be a lighting unit 100, a processor 102, or any one
of many available signal generating devices, such as media
players, MP3 players, computers, DVD players, CD players,
television signal sources, camera signal sources, micro-
phones, speakers, telephones, cellular phones, instant mes-
senger devices, SMS devices, wireless devices, personal
organizer devices, and many others.

In one embodiment, the lighting unit 100 shown in FIG. 8
also may include one or more optical elements 130 to opti-
cally process the radiation generated by the light sources
104A, 104B, and 104C. For example, one or more optical
elements may be configured so as to change one or both of a
spatial distribution and a propagation direction of the gener-
ated radiation. In particular, one or more optical elements
may be configured to change a diffusion angle of the gener-
ated radiation. In one aspect of this embodiment, one or more
optical elements 130 may be particularly configured to vari-
ably change one or both of a spatial distribution and a propa-
gation direction of the generated radiation (e.g., in response to
some electrical and/or mechanical stimulus). Examples of
optical elements that may be included in the lighting unit 100
include, but are not limited to, reflective materials, refractive
materials, translucent materials, filters, lenses, mirrors, and
fiber optics. The optical element 130 also may include a
phosphorescent material, luminescent material, or other
material capable of responding to or interacting with the
generated radiation.

As also shown in FIG. 8, the lighting unit 100 may include
one or more communication ports 120 to facilitate coupling of
the lighting unit 100 to any of a variety of other devices. For
example, one or more communication ports 120 may facili-
tate coupling multiple lighting units together as a networked
lighting system, in which at least some of the lighting units
are addressable (e.g., have particular identifiers or addresses)
and are responsive to particular data transported across the
network.

In particular, in a networked lighting system environment,
as discussed in greater detail further below (e.g., in connec-
tion with FIG. 9), as data is communicated via the network,
the processor 102 of each lighting unit coupled to the network
may be configured to be responsive to particular data (e.g.,
lighting control commands) that pertain to it (e.g., in some
cases, as dictated by the respective identifiers of the net-
worked lighting units). Once a given processor identifies par-
ticular data intended for it, it may read the data and, for
example, change the lighting conditions produced by its light
sources according to the received data (e.g., by generating
appropriate control signals to the light sources). In one aspect,
the memory 114 of each lighting unit coupled to the network
may be loaded, for example, with a table of lighting control
signals that correspond with data the processor 102 receives.
Once the processor 102 receives data from the network, the
processor may consult the table to select the control signals
that correspond to the received data, and control the light
sources of the lighting unit accordingly.
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In one aspect of this embodiment, the processor 102 of a
given lighting unit, whether or not coupled to a network, may
be configured to interpret lighting instructions/data that are
received in a DMX protocol (as discussed, for example, in
U.S. Pat. Nos. 6,016,038 and 6,211,626), which is a lighting
command protocol conventionally employed in the lighting
industry for some programmable lighting applications. For
example, in one aspect, a lighting command in DMX protocol
may specify each of a red channel control signal, a green
channel control signal, and a blue channel control signal as an
eight-bit digital signal representing a number from 0 to 255,
wherein the maximum value of 255 for any one of the color
channels instructs the processor 102 to control the corre-
sponding light source(s) to generate the maximum available
radiant power for that color (such a command structure is
commonly referred to as 24-bit color control). Hence, a com-
mand of the format [R, G, B] =[255, 255, 255] would cause
the lighting unit to generate maximum radiant power for each
of red, green and blue light (thereby creating white light). It
should be appreciated, however, that lighting units suitable
for purposes of the present disclosure are not limited to a
DMX command format, as lighting units according to various
embodiments may be configured to be responsive to other
types of communication protocols so as to control their
respective light sources.

In one embodiment, the lighting unit 100 of FIG. 8 may
include and/or be coupled to one or more power sources 108.
In various aspects, examples of power source(s) 108 include,
but are not limited to, AC power sources, DC power sources,
batteries, solar-based power sources, thermoelectric or
mechanical-based power sources and the like. Additionally,
in one aspect, the power source(s) 108 may include or be
associated with one or more power conversion devices that
convert power received by an external power source to a form
suitable for operation of the lighting unit 100.

While not shown explicitly in FIG. 8, the lighting unit 100
may be implemented in any one of several different structural
configurations according to various embodiments of the
present disclosure. Examples of such configurations include,
but are not limited to, an essentially linear or curvilinear
configuration, a circular configuration, an oval configuration,
a rectangular configuration, combinations of the foregoing,
various other geometrically shaped configurations, various
two or three dimensional configurations, and the like.

A given lighting unit also may have any one of a variety of
mounting arrangements for the light source(s), enclosure/
housing arrangements and shapes to partially or fully enclose
the light sources, and/or electrical and mechanical connection
configurations. In particular, a lighting unit may be config-
ured as a replacement or “retrofit” to engage electrically and
mechanically in a conventional socket or fixture arrangement
(e.g., an Edison-type screw socket, a halogen fixture arrange-
ment; a fluorescent fixture arrangement, etc.).

Additionally, one or more optical elements as discussed
above may be partially or fully integrated with an enclosure/
housing arrangement for the lighting unit. Furthermore, a
given lighting unit optionally may be associated with (e.g.,
include, be coupled to and/or packaged together with) various
other components (e.g., control circuitry such as the proces-
sor and/or memory, one or more sensors/transducers/signal
sources, user interfaces, displays, power sources, power con-
version devices, etc.) relating to the operation of the light
source(s).

FIG. 9 illustrates an example of a networked lighting sys-
tem 200 according to one embodiment of the present disclo-
sure. In the embodiment of FIG. 9, a number of lighting units
100, similar to those discussed above in connection with FIG.
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8, are coupled together to form the networked lighting sys-
tem. It should be appreciated, however, that the particular
configuration and arrangement of lighting units shown in
FIG. 9 is for purposes of illustration only, and that the disclo-
sure is not limited to the particular system topology shown in
FIG. 9.

Additionally, while not shown explicitly in FIG. 9, it
should be appreciated that the networked lighting system 200
may be configured flexibly to include one or more user inter-
faces, as well as one or more signal sources such as sensors/
transducers. For example, one or more user interfaces and/or
one or more signal sources such as sensors/transducers (as
discussed above in connection with FIG. 8) may be associated
with any one or more of the lighting units of the networked
lighting system 200. Alternatively (or in addition to the fore-
going), one or more user interfaces and/or one or more signal
sources may be implemented as “stand alone” components in
the networked lighting system 200. Whether stand alone
components or particularly associated with one or more light-
ing units 100, these devices may be “shared” by the lighting
units of the networked lighting system. Stated differently, one
or more user interfaces and/or one or more signal sources
such as sensors/transducers may constitute “shared
resources” in the networked lighting system that may be used
in connection with controlling any one or more of the lighting
units of the system.

As shown in the embodiment of FI1G. 9, the lighting system
200 may include one or more lighting unit controllers (here-
inafter “LUCs”) 208 A, 208B, 208C, and 208D, wherein each
LUC is responsible for communicating with and generally
controlling one or more lighting units 100 coupled to it.
Although FIG. 9 illustrates one lighting unit 100 coupled to
each LUC, it should be appreciated that the disclosure is not
limited in this respect, as different numbers of lighting units
100 may be coupled to a given LUC in a variety of different
configurations (serially connections, parallel connections,
combinations of serial and parallel connections, etc.) using a
variety of different communication media and protocols.

In the system of FIG. 9, each LUC in turn may be coupled
to a central controller 202 that is configured to communicate
with one or more LUCs. Although FIG. 9 shows four LUCs
coupled to the central controller 202 via a generic connection
204 (which may include any number of a variety of conven-
tional coupling, switching and/or networking devices), it
should be appreciated that according to various embodi-
ments, different numbers of LUCs may be coupled to the
central controller 202. Additionally, according to various
embodiments of the present disclosure, the LUCs and the
central controller may be coupled together in a variety of
configurations using a variety of different communication
media and protocols to form the networked lighting system
200. Moreover, it should be appreciated that the interconnec-
tion of LUCs and the central controller, and the interconnec-
tion of lighting units to respective LUCs, may be accom-
plished in different manners (e.g., using different
configurations, communication media, and protocols).

For example, according to one embodiment of the present
disclosure, the central controller 202 shown in FIG. 9 may by
configured to implement Ethernet-based communications
with the LUCs, and in turn the LUCs may be configured to
implement DMX-based communications with the lighting
units 100. In particular, in one aspect of this embodiment,
each LUC may be configured as an addressable Ethernet-
based controller and accordingly may be identifiable to the
central controller 202 via a particular unique address (or a
unique group of addresses) using an Ethernet-based protocol.
In this manner, the central controller 202 may be configured
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to support Ethernet communications throughout the network
of coupled LUCs, and each LUC may respond to those com-
munications intended for it. In turn, each LUC may commu-
nicate lighting control information to one or more lighting
units coupled to it, for example, viaa DMX protocol, based on
the Ethernet communications with the central controller 202.

More specifically, according to one embodiment, the LUCs
208A, 208B, and 208C shown in FIG. 9 may be configured to
be “intelligent” in that the central controller 202 may be
configured to communicate higher level commands to the
LUCs that need to be interpreted by the LUCs before lighting
control information can be forwarded to the lighting units
100. For example, a lighting system operator may want to
generate a color changing effect that varies colors from light-
ing unit to lighting unit in such a way as to generate the
appearance of a propagating rainbow of colors (“rainbow
chase”), given a particular placement of lighting units with
respect to one another. In this example, the operator may
provide a simple instruction to the central controller 202 to
accomplish this, and in turn the central controller may com-
municate to one or more LUCs using an Ethernet-based pro-
tocol high level command to generate a “rainbow chase.” The
command may contain timing, intensity, hue, saturation or
other relevant information, for example. When a given LUC
receives such a command, it may then interpret the command
and communicate further commands to one or more lighting
units using a DMX protocol, in response to which the respec-
tive sources of the lighting units are controlled via any of a
variety of signaling techniques (e.g., PWM).

It should again be appreciated that the foregoing example
of using multiple different communication implementations
(e.g., Ethernet/DMX) in a lighting system according to one
embodiment of the present disclosure is for purposes ofillus-
tration only, and that the disclosure is not limited to this
particular example.

From the foregoing, it may be appreciated that one or more
lighting units as discussed above are capable of generating
highly controllable variable color light over a wide range of
colors, as well as variable color temperature white light over
a wide range of color temperatures. To configure any such
lighting unit for use in a color-managed system or process, a
target color management profile needs to be established that
specifies the color generating capabilities of the lighting unit
in terms of a common working color space. In one exemplary
implementation, a target color management profile may be
formatted as an ICC profile foruse in a color-managed system
or process based on the ICC standards. It should be appreci-
ated, however, that the present disclosure is not limited in this
respect, as a target color management profile according to any
of'a variety of file specifications and color management stan-
dards may be established for a given lighting unit according to
the concepts discussed herein.

To establish a target color management profile for a given
lighting unit, first a spectral power distribution (SPD) may be
measured or estimated for each of the different source spec-
trums of the lighting unit. For purposes of the discussion
immediately below, an exemplary lighting unit 100 is consid-
ered having one or more red LEDs, one or more green LEDs,
and one or more blue LEDs. With the foregoing in mind, an
SPD may be measured (by an appropriate measuring instru-
ment) for a red LED (or a group of red LEDs energized
together), a green LED (or a group of green LEDs energized
together), and a blue LED (or a group of blue LEDs energized
together); alternatively, an SPD may be assumed for a given
color LED source or group of sources energized together,
based on an expected/approximate dominant wavelength,
FWHM, and radiant power. In one aspect of this embodiment,
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the SPDs are measured (or estimated) at maximum available
radiant powers for the respective source spectrums.

For some applications, whether the SPDs are measured or
estimated, it may be desirable to take into account one or more
intervening surfaces between the generated light and an
anticipated point of perception of the light. For example,
consider an application in which a given lighting unit is
positioned so as to illuminate one or more walls of a room,
and the light generated by the lighting unit generally is per-
ceived in the room after the light has reflected off of the
wall(s). Based on the physical properties of the material con-
stituting the wall(s), including possible wall coverings such
as paints, wallpapers, etc., the light reflected from the wall(s)
and ultimately perceived may have an appreciably different
SPD than the light impinging on the wall(s). More specifi-
cally, the wall(s) (or any other intervening surface) may
absorb/reflect each of the source spectrums (e.g., the red,
green and blue light) somewhat differently. In view of the
foregoing, in one embodiment some or all of the SPDs may be
measured, estimated, or specifically modeled to include the
effects of one or more intervening surfaces that may be
present in a given application, so as to take into account
light-surface interactions in the generation of light in a color-
managed system or process.

The measured or estimated SPDs subsequently may be
mapped to some color model or color space serving as a
working color space for the color-managed process or sys-
tem. As indicated above, in one exemplary implementation,
the target color management profile may be formatted as an
ICC profile that defines a device gamut for the lighting unit in
terms of a CIE color system as a working color space, or
profile connection space (PCS). As discussed above in con-
nection with FIG. 1, the CIE color system provides one con-
ventional example of a useful construct for categorizing
color, via the CIE chromaticity diagram for example. While
the discussion below focuses on the CIE color system (and, in
particular, the CIE chromaticity diagram) as a working color
space, again it should be appreciated that the concepts dis-
closed herein generally are applicable to any of a variety of
constructs used to describe a color model, space, or system
that may be employed as a working color space in a color-
managed system or process.

In view of the foregoing, in one exemplary implementa-
tion, CIE chromaticity coordinates X,y may be calculated in
the manner described above in connection with FIG. 1 and
plotted on the CIE chromaticity diagram for each different
source spectrum of the lighting unit 100. Depending on sev-
eral factors including, but not limited to, dominant wave-
length, spectral changes due to LED drive current and/or
temperature, manufacturing differences and the like, and pos-
sible intervening surfaces, approximate but illustrative values
for typical chromaticity-coordinates for the different LED
colors are indicated in Table 1 below. As indicated earlier,
exemplary approximate dominant wavelengths for com-
monly available red, green and blue LEDs include 615-635
nanometers for red LEDs, 515-535 nanometers for green
LEDs, and 460-475 nanometers for blue LEDs.

TABLE 1
LED Color x-coordinate y-coordinate
Red 0.7 0.3
Green 0.17 0.68
Blue 0.115 0.14
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FIG. 10 illustrates the CIE diagram of FIG. 1, on which the
above three chromaticity points from Table 1 are plotted as
the points 160R, 160G and 160B, respectively. The resulting
three points form a triangle similar to that of the gamut 60
shown in FIG. 4 (which represents the sSRGB color space),
although covering a somewhat larger area than the gamut 60.
This triangle represents the device gamut 160 for the lighting
unit in the working color space. As also illustrated in FIG. 10,
the device gamut 160 for the lighting unit includes a signifi-
cant portion of the white light/black body curve 54.

Once the device gamut 160 for the lighting unit is specified
in the common working color space of the color-managed
system or process (e.g., the CIE chromaticity diagram), a
transformation may be determined to subsequently map col-
ors indicated in the common working color space to lighting
commands for the lighting unit, wherein each lighting com-
mand represents a particular combination of the red, green
and blue source spectrums of the lighting unit 100 to repro-
duce or approximate a color specified in the working color
space. The nature of such a transformation between a general
device gamut and lighting commands was discussed above in
connection with Eq. (2). For the target color management
profile of a lighting unit according to the present disclosure,
essentially an inverse of the transformation indicated in Eq.
(2) is represented in the profile; i.e., in one embodiment,
numerical data is provided in the profile to facilitate a map-
ping from CIE x,y coordinates and a Y parameter in the
working color space (or CIE X, Y, Z tristimulus values), to an
[R, G, B] command for the lighting unit.

It should be appreciated that the concepts discussed above
may be implemented for each of multiple lighting units 100 of
a lighting network similar to that shown in FIG. 9, to provide
acolor-managed system of multiple lighting units. In particu-
lar, atarget color management profile (e.g., an ICC profile) for
a given lighting unit may be stored in the memory 114 of the
lighting unit, or in some other centralized location (e.g., the
central controller 202 shown in FIG. 9), for access by a
color-matching module, or “color engine” (discussed further
below) to provide color-managed light generation from one
or more lighting units.

While the foregoing discussion relied on the example of a
device gamut for a lighting unit based on red, green and blue
LED sources in the lighting unit 100, it should be appreciated
that the disclosure is not limited in this respect, as lighting
units according to other embodiments may have any number
of different source spectrums, or “primaries,” including, in
addition to, or instead of, the red, green and blue primaries. In
particular, according to other embodiments, a given lighting
unit may include various combinations of red LEDs, green
LEDs, blue LEDs, yellow LEDs, amber LEDs, orange LEDs,
cyan LEDs or white LEDs of different color temperatures, for
example, leading to any of a variety of possible device gamuts
for which a corresponding target color management profile
may be established.

Moreover, according to another embodiment, an arbitrary
reference gamut may be specified for one lighting unit or a
group of multiple lighting units, wherein the reference gamut
is different (e.g., smaller) than the device gamut associated
with one or more of the lighting units. In one aspect of this
embodiment, a target color management profile may be estab-
lished for a given lighting unit based on the reference gamut.
For example, a target color management profile may be estab-
lished for a given lighting unit that limits the color capability
of the lighting unit to the sRGB color space (which in some
instances may be significantly smaller than the actual device
gamut for the lighting unit). If multiple such units are each
associated with a target color management profile that like-

20

25

30

35

40

45

50

55

60

65

32

wise limits the color capability of the lighting unit to the
sRGB space (or some other reference gamut shared by the
lighting units), the group of lighting units may be controlled
to predictably reproduce the same range of colors in a color-
managed process or system.

In sum, via a target color management profile, any arbitrary
lighting unit according to various embodiments of the present
invention, having any of a variety of device gamuts or for
which a predetermined reference gamut is specified, may be
employed in a color-managed process or system according to
the concepts discussed herein.

FIG. 11 illustrates various elements of a color-managed
system or process for one or more lighting units according to
one embodiment of the present disclosure. In one aspect of
the embodiment shown in FIG. 11, a color-matching module
or “color engine” 170 is configured to provide one or more
lighting commands 182 to control one or more lighting units,
based in part on a target color management profile 172 for
each lighting unit to be controlled. In particular, as discussed
above, the color engine 170 is configured to map one or more
colors defined in the working color space to one or more
lighting commands 182 for a given lighting unit, based on a
device gamut (or other color space, such as a reference gamut)
specified for the lighting unit by the target color management
profile.

In FIG. 11, colors defined in the working color space may
come from a variety of sources. For example, the color engine
170 may receive source color data 178 from another color
device (e.g., a scanner, a digital camera, a color image file)
and map the source color data 178 to the working color space
based on a source color management profile 180. As dis-
cussed above in connection with FIG. 6 and other figures, in
one exemplary implementation both the source color man-
agement profile 180 and the target color management profile
172 may be ICC profiles and the working color space, or
profile connection space, may be a CIE color space.

As also shown in FIG. 11, a color for reproduction by one
or more lighting units may be selected from a color library
174 via a user interface 176. For example, any of a wide
variety of colors for reproduction may be included in the color
library 174, specified in terms of the working color space and
any other relevant color management standards (e.g., pertain-
ing to viewing environment). In one aspect, colors may be
arranged or catalogued in the library according to one or more
palettes for selection via the user interface 176 (e.g., a GUI).
The color library 174 may include one or more colors corre-
sponding to commercially available vendor-specified colors
from a variety of vendors including, but not limited to, Pan-
tone (www.pantone.com), Munsell (www.munsell.com),
Rosco (www.rosco.com), Lee (www.leefilters.com) or GAM
(www.gamonline.com). Furthermore, the color library may
include one or more custom colors defined by a user, in some
cases based on combinations or alterations of industry-stan-
dard or vendor-specified colors.

According to various implementations, the color engine
170 may be configured to provide one or more lighting com-
mands 182 for color reproduction based on one or more
rendering intents. As discussed above, a rendering intent
determines how the color engine handles a request to repro-
duce a color specified in the working color space if the color
is not included in the gamut represented by the target color
management profile 172 (i.e., the requested color is “out of
gamut”). In various embodiments, the color engine may be
configured to implement one of four rendering intents accord-
ing to the ICC standard, namely perceptual rendering, abso-
lute colorimetric rendering, relative calorimetric rendering,
or saturation rendering. In general, colorimetric rendering
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intents enable in-gamut colors to be reproduced accurately at
the expense of out of gamut colors.

It should be appreciated that, in different embodiments, the
color engine 170 shown in FIG. 11 may be implemented in a
variety of manners and in a variety of locations in a color-
managed system or process according to the present disclo-
sure. For example, with reference again to FIG. 8, in one
embodiment the color engine 170 may be implemented as a
program executed by the processor 102 of a given lighting
unit. In one aspect of this embodiment, the color engine
program may be stored in the memory 114, and/or transferred
to the lighting unit via one or more communication ports 120.
In another aspect, the target color management profile 172 for
the lighting unit also may be stored in the memory 114 for
access by the color engine 170. In other aspects, the user
interface 176 shown in FIG. 11 may correspond to the user
interface 118 shown in FIG. 8, and the color library 174 also
may be stored in the memory 114 of the lighting unit. Addi-
tionally, for color reproduction based on another color device,
the source color data 176 and the source color management
profile 180 corresponding to another color device may be
communicated to the lighting unit and made available to the
color engine via one or more communication ports 120.

In another embodiment, the color engine 170 shown in
FIG. 11 may be implemented as a program executed by a
different processor external to a given lighting unit, wherein
lighting commands 182 provided by the color engine are
communicated to the lighting unit via the one or more com-
munication ports 120. In different aspects of this embodi-
ment, the target color management profile 172 for the lighting
unit may be stored in the memory 114 of the lighting unit and
accessed by the color engine via the one or more communi-
cation ports 120 of the lighting unit, or alternatively stored in
some other location that may be accessed by the color engine.

In one exemplary implementation based on the network
architecture illustrated in FIG. 9, the central controller 202 or
one or more lighting unit controllers 208 of a lighting system
200 may be configured to include one or more color engines
170, which in turn have access to one or more target color
management profiles respectively associated with one or
more lighting units 100 of the lighting system 200. In particu-
lar, in one implementation, the central controller 202 may be
configured to implement a color engine as well as store mul-
tiple target color management profiles each corresponding to
one of the lighting units 100. The central controller 202 also
may be configured to store one or more source color manage-
ment profiles and/or the color library 174. The user interface
176 shown in FIG. 11 may be configured to communicate
with the central controller 202 of the system shown in FIG. 9
to facilitate color reproduction in one or more of the lighting
units of the system based on data from one or more other color
devices, and/or colors from the color library.

From the foregoing, it should be appreciated that a variety
of configurations for implementing a color-managed process
or system according to the concepts presented herein are
contemplated by the present disclosure.

In addition, based on the general color management frame-
work discussed above, a number of possible applications are
contemplated for one or more lighting units configured for
use in color-managed processes or systems according to the
present disclosure. FIGS. 12A and 12B conceptually illus-
trate one such exemplary application, in which one or more
lighting units are employed to emulate a color of an illumi-
nated surface.

In FIG. 12A, a process is depicted whereby a source of
illumination, or “illuminant™ 90, illuminates a color sample
92, resulting in a perceivable color reflected from (or trans-
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mitted through) the color sample corresponding to a desired
color to emulate 94. A spectral power distribution (SPD) of
the desired color to emulate is indicated in FIG. 12A as
DC(h), which arises from the interaction of an SPD I(A) of the
illuminant and a color sample spectrum CS(A) (representing
the transmission/absorption characteristics of the color
sample).

In various examples, the illuminant 90 may be any one of a
number of conventional white light sources or natural sources
of ambient light, for which the SPD I(A) is measured or
known a priori. In particular, the illuminant 90 may be one of
a number of “standard illuminants™ conventionally known in
the relevant arts to represent commonly encountered illumi-
nation conditions having a prescribed SPD. For example, the
illuminant 90 may correspond to any one of a Standard Illu-
minant A (filament lamp light, color temperature 2856
degrees K), Standard [lluminant C (medium daylight, without
UV component, color temperature 6750 degrees K), Standard
Muminant D65 (medium daylight, with UV component,
color temperature 6500 degrees K), Standard Illuminant F11
(fluorescent lamp), or others that may be defined (the joint
ISO/CIE Standard specifies two illuminants for use in colo-
rimetry, namely, Standard [lluminant A and Standard I1lumi-
nant D65).

The color sample 92 shown in FIG. 12 can take a variety of
forms. In general, the color sample may be formed by any
type of material from which light may be reflected, or through
which light may be transmitted. For example, the color
sample may be a “color spot” or “color swatch” of ink on
some paper or related medium, representing any one of a wide
variety of conventionally recognized (e.g., industry standard)
vendor-specified colors (e.g., Pantone, see www.pan-
tone.com; Munsell, see www.munsell.com). Other examples
of color samples include, but are not limited to, paint samples
or chips (which similarly may represent vendor-specified col-
ors), other types of wall coverings, fabric samples, unpainted
surfaces, and the like. Yet another example of a color sample
includes any of a variety of color filters designed to transmit
a predetermined spectrum of light based on one or more
possible illuminants. Such filters are available from a variety
of vendors and may be specified with particular absorption/
transmission spectrums; some examples of filter vendors
include, but are not limited to, Rosco Laboratories, Inc.(ww-
w.rosco.com), Lee Filters (www.leefilters.com), and GAM
Products, Inc. (www.gamonline.com).

With reference again, for the moment to FIG. 11, in one
embodiment the color library 174 may include one or more
representations in the working color space corresponding to
one or more illuminants 90. The color library also may
include one or more representations in the working color
space corresponding to one or more color samples 92, such
that, via the user interface 178, a user may select an arbitrary
combination of an illuminant and a color sample to arrive at a
desired color to emulate 94. In another embodiment, repre-
sentations in the working color space of predetermined com-
binations of illuminants and color samples may be stored in
the color library for selection via the user interface. As dis-
cussed above, in yet another embodiment, the SPD I(A\) of an
arbitrary illuminant (e.g., other than one of the standard illu-
minants) may be measured and a representation thereof in the
working color space stored in the color library. Likewise, the
spectrum DC(A) of the desired color to emulate 94 may be
measured directly, based on any arbitrary combination of
illuminant and color sample, and a representation thereof in
the working color space stored in the color library.

FIG. 12B illustrates an exemplary lighting unit 100 accord-
ing to any of the concepts discussed herein, wherein the
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lighting unit illuminates some demonstration or reproduction
medium 96 on which a resulting emulated color 98 is
observed. As indicated by the spectrum DC(A), the emulated
color 98 preferably is a substantially accurate reproduction of
the desired color 94. In some embodiments, the emulated
color 98 may be a best approximation for the desired color 94;
for example, in situations where the desired color 94 may be
out of gamut with respect to the specified gamut for the
lighting unit (as represented by the target color management
profile), a color engine similar to that shown in FIG. 11 may
implement a predetermined rendering intent to provide some
reasonable approximation of the desired color.

As also shown in FIG. 12B, the demonstration/reproduc-
tion medium 96 may have some associated transmission/
absorption spectrum DM(A.) that may be taken into consider-
ation in the emulation of the desired color. For example, the
demonstration/reproduction medium 96 may be a projector
screen, one or more essentially white walls (or other archi-
tectural planes or features of various colors), or any of a
variety of other transmissive or reflective materials from
which the light generated by the lighting unit ultimately is
perceived as the emulated color 98. Additionally, the lighting
conditions under which the emulated color 98 is perceived
from the demonstration/reproduction medium 96 optionally
may be taken into consideration in the spectrum DM(A). So as
to ultimately provide a perceived emulated color 98 having a
spectrum that matches that of the desired color 94, the
required SPD DC'(A) of the light actually generated by the
lighting unit 100 may be determined as follows:

DCR) _ IA)CSQ) (3)

b = DM() ~ DMQ)

The relationship indicated in Eq. (3) above may be imple-
mented in a color-managed process or system similar to that
discussed above in connection with FIG. 11 in a number of
ways. For example, in one implementation, a representation
of DM(A) in the working color space for one or more antici-
pated demonstration/reproduction media may be accessible
to the color engine 170 (e.g., measured a priori and stored in
the color library 174). Presuming that either a direct repre-
sentation of DC(}.) in the working color space also is available
to the color engine 170, or a representation in the working
color space of the illuminant SPD I(A) and the color sample
SPD CS(A) (e.g., stored in the color library 174 and selected
via the user interface), the color engine may be configured to
directly determine a representation in the working color space
of DC'(A) based on Eq. (3) above. From this representation,
by virtue of the target color management profile for the light-
ing unit, the color engine may output lighting commands to
the lighting unit so as to generate light having (or reasonably
approximating) the SPD DC'(A).

In another exemplary implementation, the spectrum
DM() may be taken into consideration in the determination
of the target color management profile for the lighting unit,
such that the combination of the lighting unit 100 and the
demonstration/reproduction medium 96 essentially are pro-
filed as one color device. Recall from the discussion above
that, in determining a target color management profile for the
lighting unit based on an SPD for each different source spec-
trum in the lighting unit, it may be desirable to take into
account one or more intervening surfaces between the gener-
ated light and an anticipated point of perception of the light,
in that the intervening surface(s) may absorb/reflect each of
the source spectrums somewhat differently. Accordingly, in
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one embodiment, the source spectrum SPDs may be mea-
sured, estimated, or specifically modeled to include the
effects of one or more intervening surfaces, such as the dem-
onstration/reproduction medium 96 (e.g., the SPDs of the
lighting unit source spectrums may each be measured upon
reflection from, or transmission through, the medium 96). In
this manner, the target color management profile constructed
from these SPDs represents a “virtual” color device compris-
ing the lighting unit and demonstration/reproduction medium
in combination (i.e., in this example, there is no need for the
color engine to separately consider the spectrum DM(A) in
determining appropriate lighting commands for the lighting
unit).

It should be appreciated that the concepts discussed above
in connection with FIGS. 12A and 12B may be implemented
in a lighting system similar to that shown in FIG. 9, for
example. In particular, in one embodiment, multiple lighting
units may be arranged to illuminate a common demonstra-
tion/reproduction medium (e.g., a large screen or wall) or
respective demonstration/reproduction media each associ-
ated with one or more lighting units, to emulate a desired
color. In one exemplary application, one or more surfaces, in
some cases constituting significant architectural spaces, may
be illuminated so as to emulate or reasonably approximate a
desired color selected from amongst a wide variety of vendor-
specified or custom colors defined in the working color space
of'a color-managed system or process. In various aspects of
this exemplary application, a single desired color at a given
time may be emulated on an illuminated surface of virtually
any size, multiple desired colors may be emulated simulta-
neously on different portions of an illuminated surface, or
multiple desired colors may be emulated in sequence on an
entire surface, or different portions of an illuminated surface,
to create a variety of color-managed dynamic lighting effects.

Having thus described several illustrative embodiments, it
is to be appreciated that various alterations, modifications,
and improvements will readily occur to those skilled in the
art. Such alterations, modifications, and improvements are
intended to be part of this disclosure, and are intended to be
within the spirit and scope of this disclosure. While some
examples presented herein involve specific combinations of
functions or structural elements, it should be understood that
those functions and elements may be combined in other ways
according to the present invention to accomplish the same or
different objectives. In particular, acts, elements, and features
discussed in connection with one embodiment are not
intended to be excluded from similar or other roles in other
embodiments. Accordingly, the foregoing description and
attached drawings are by way of example only, and are not
intended to be limiting.

The invention claimed is:

1. A color-managed illumination system, comprising:

at least one lighting unit comprising:

at least one first LED configured to generate first light
having a first spectrum;

at least one second LED configured to generate second
light having a second spectrum different from the first
spectrum; and

at least one controller configured to control the first light
and the second light so as to generate from the at least
one lighting unit a range of colors or color tempera-
tures of perceived light;

at least one target color management profile associated

with the at least one lighting unit, the at least one target
color management profile representing a first mapping
from a working color space for the color-managed illu-
mination system to a lighting unit color gamut that
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specifies the range of colors or color temperatures of the
perceived light that can generated by the at least one
lighting unit;

at least one color engine to provide at least one lighting

command to the at least one controller, based on a
desired color specified in the working color space and
the at least one target color management profile, so as to
generate a single color of the perceived light, wherein
the at least one lighting unit is configured to provide
ambient illumination that includes the single color of the
perceived light at a given time, the single color of the
perceived light corresponding to the desired color speci-
fied in the working color space; and

at least one color library coupled to the at least one color

engine to store the desired color specified in the working
color space, wherein the at least one color library is
configured to store a plurality of color samples each
specified in the working color space, and wherein the
system further includes at least one user interface con-
figured to facilitate a selection of the desired color from
the plurality of color samples.

2. The color-managed illumination system of claim 1,
wherein the working color space includes a CIE color space,
and wherein the at least one target color management profile
is formatted as an ICC profile.

3. The color-managed illumination system of claim 1,
wherein the plurality of color samples includes at least one of
an ink color sample, a paint color sample, a fabric color
sample, and a colored filter color sample.

4. The color-managed illumination system of claim 1,
wherein the plurality of color samples includes a plurality of
vendor-specified color samples.

5. The color-managed illumination system of claim 1,
wherein the at least one color library is configured to store a
plurality of illuminant spectrums specified in the working
color space.

6. The color-managed illumination system of claim 5,
wherein the desired color is based on a combination of a
selected illuminant spectrum of the plurality of illuminant
spectrums and a selected color sample of the plurality of color
samples.

7. The color-managed illumination system of claim 1,
wherein the at least one color engine is configured to provide
the at least one lighting command such that the single color of
the perceived light approximates the desired color if the
desired color is not within the lighting unit color gamut.

8. The color-managed illumination system of claim 1, fur-
ther comprising a source color management profile represent-
ing a second mapping from a device gamut that specifies a
second range of colors for a source color device to the work-
ing color space, wherein the at least one color engine is
configured to receive source color data representing the
desired color from the source color device and provide the at
least one lighting command to the at least one controller of the
at least one lighting unit based on the source color data, the
source color management profile, and the target color man-
agement profile.

9. A color-managed illumination method for providing
ambient illumination that includes a single color of a per-
ceived light at a given time, the method comprising acts of:

A) energizing at least one first LED to generate first light

having a first spectrum;
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B) energizing at least one second LED to generate second
light having a second spectrum different from the first
spectrum,;

C) controlling the first light and the second light so as to
generate a range of colors or color temperatures of per-
ceived light based at least in part on at least one target
color management profile associated with at least the
first spectrum and the second spectrum, the at least one
target color management profile representing a first
mapping from a working color space for the color-man-
aged illumination method to a lighting color gamut that
specifies the range of colors or color temperatures of the
perceived light that can be generated,

D) specitying the desired color in the working color space,
wherein the single color of the perceived light corre-
sponds to the desired color; and

E) providing at least one lighting command to control the
first light and the second light, based on the act D) and
the at least one target color management profile, so as to
generate the single color of the perceived light; and

F) storing the desired color in at least one color library,
wherein the act F) includes acts of:

F1) storing a plurality of color samples, each specified in
the working color space, in the at least one color
library; and

F2) selecting the desired color from the plurality of color
samples.

10. The color-managed illumination method of claim 9
wherein the working color space includes a CIE color space,
and wherein the at least one target color management profile
is formatted as an ICC profile.

11. The color-managed illumination method of claim 9,
wherein the plurality of color samples includes at least one of
an ink color sample, a paint color sample, a fabric color
sample, and a colored filter color sample.

12. The color-managed illumination method of claim 9,
wherein the plurality of color samples includes a plurality of
vendor-specified color samples.

13. The color-managed illumination method of claim 9,
further comprising an act of storing a plurality of illuminant
spectrums, each specified in the working color space, in the at
least one color library.

14. The color-managed illumination method of claim 13,
further comprising selecting one illuminant spectrum of the
plurality of illuminant spectrums and one color sample of the
plurality of color samples to specity the desired color.

15. The color-managed illumination method of claim 9
wherein the act E) comprises an act of:

providing the at least one lighting command such that the
single color of the perceived light approximates the
desired color if the desired color is not within the light-
ing color gamut.

16. The color-managed illumination method of claim 9,

wherein the act E) comprises acts of:

receiving source color data representing the desired color
from a source color device; and

providing the at least one lighting command based on the
source color data, the target color management profile,
and a source color management profile representing a
second mapping from a device gamut that specifies a
second range of colors for the source color device to the
working color space.
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