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METHODS AND APPARATUS FOR
PROVIDING LUMINANCE COMPENSATION

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 [lluminated 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 Appli-
cation 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 INVENTION

The present disclosure relates generally to the generation
of'variable color or variable color temperature light, wherein
compensation is provided for the natural phenomenon of
perceived different brightness for different colors or color
temperatures having the same luminance.

BACKGROUND

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
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 a light source
that gives rise to the visual stimulus. A “spectral power dis-
tribution” (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 con-
stant-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 spectrora-
diometer, 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
defined. Specifically, the unit of candela is defined such that a
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2

monochromatic light source having a wavelength of 555
nanometers (to which the human eye is most sensitive) radi-
ating 1/683 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, VoA P3Vst ... ), (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 V3, etc., are
the values of the V(M) 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
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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 related to, luminance (per-
ceived strength or brightness) and chromaticity (hue and satu-
ration). 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; some examples of conventional color models
employed in the relevant arts include the RGB (red, green,
blue) model, the CMY (cyan, magenta, yellow) model, the
HSI (hue, saturation, intensity) model, the YIQ (luminance,
in-phase, quadrature) model, the Munsell system, the Natural
Color System (NCS), the DIN system, the Coloroid System,
the Optical Society of America (OSA) system, the Hunter Lab
system, the Ostwald system, and various CIE coordinate sys-
tems in two and three dimensions (e.g., CIE x,y; CIE u',v';
CIELUYV, CIELAB). For purposes of illustrating an exem-
plary color system, the CIE x,y coordinate system is dis-
cussed 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,
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
asX(A), y(»), z(A). Each of the color matching functions x(A),
v(M), z(A) 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,, Vy ... 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 Z.

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()) 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
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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 curved line 50 in the diagram of FIG. 1 serving as
the upper perimeter of the enclosed area indicates all of the
spectral colors (pure wavelengths) and is often referred to as
the “spectral locus™ (the wavelengths along the curve are
indicated 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 (approxi-
mately 700 nanometers) ends, is referred to as the “purple
boundary” or the “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 considered to represent a fully saturated color.

In FIG. 1, an “achromatic point” E is indicated at the
coordinates x=y=1/3, 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






