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(57) ABSTRACT

Methods and apparatus for controlled lighting based on a
reference color gamut that is shared amongst multiple light-
ing units. A reference color gamut may be determined for
multiple lighting units based on spectral power distributions
associated with the lighting units. Variable color light or
variable color temperature white light subsequently may be
generated consistently and predictably amongst multiple
lighting units that are each controlled based on the reference
color gamut. Lighting commands received by multiple light-
ing units may be appropriately processed in each lighting
unit, based on a predetermined relationship between the
lighting commands and the reference color gamut, to ensure
consistent and predictable color or color temperature repro-
duction amongst the multiple units. In one exemplary imple-
mentation, the multiple lighting units include LED light
sources to facilitate energy efficient generation and versatile
control of variable color light or variable color temperature
white light, for general purpose illumination and other
applications.
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METHODS AND APPARATUS FOR
CONTROLLED LIGHTING BASED ON A
REFERENCE GAMUT

CROSS-REFERENCES TO RELATED
APPLICATIONS

The present application claims the benefit, under 35
U.S.C. §119(e), of U.S. Provisional Application Ser. No.
60/637,554, filed Dec. 20, 2004, entitled “Systems and
Methods for Emulating Illuminated Surfaces.”

The present application also claims the benefit, under 35
U.S.C. §120, as a continuation-in-part of U.S. Nonprovi-
sional application Ser. No. 11/081,020, filed Mar. 15, 2005,
entitled “Methods and Systems for Providing Lighting Sys-
tems,” which in turn claims priority to U.S. Provisional
Application Ser. No. 60/553,111, filed Mar. 15, 2004,
entitled “Lighting Methods and Systems.”

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

FIELD OF THE DISCLOSURE

The present disclosure relates to the generation of variable
color light or variable color temperature white light using
multiple different lighting units, wherein the lighting units
are configured to generate the variable color or variable
color temperature light based on a common reference color
gamut.

BACKGROUND

To create multi-colored or white light based on additive
color mixing principles, often multiple different sources of
colored light are employed, for example red light, blue light
and green light, to represent the “primary” colors. These
three primary colors roughly represent the respective spec-
tral sensitivities typical of the three different types of cone
receptors in the human eye (having peak sensitivities at
approximately 650 nanometers for red, 530 nanometers for
green, and 425 nanometers for blue) under photopic (i.e.,
daytime, or relatively bright) viewing conditions. Much
research has shown that additive mixtures of primary colors
in different proportions can create a wide range of colors
discernible to humans. This is the well-known principle on
which many color displays 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 primary colors.

A visual stimulus corresponding to a perceivable color
can be described in terms of the energy emission of a light
source 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 mea-
sured via spectroradiometer, spectrophotometer or other
suitable instrument. A given visual stimulus may be thought
of generally 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
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2

defined. Specifically, the unit of candela is defined such that
a monochromatic light source having a wavelength of 555
nanometers (to which the human eye is most sensitive)
radiating Yss3 Watts of power in one steradian has a lumi-
nous intensity of 1 candela (a steradian is the cone of light
spreading 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 candelas therefore represents a particular direction
of light emission (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
necessarily representative of the perceived strength of the
visual stimulus; rather, a measure of the perceived strength
of a visual stimulus that takes into consideration the appar-
ent 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 id
determined by applying a photopic response function 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, VP33t . .. ), (1
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 V, etc., are
the values of the V()) function at the central wavelength of
each interval, and K is a constant. If K 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
generally 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 percep-
tion 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 wavelengths can produce the same perception of color.

Chromaticity is sometimes described in terms of two
properties, 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”































































