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1
ANALOG CONTROL OF LIGHT SOURCES

This application claims priority to U.S. Application Ser.
No. 10/638,475, filed on Aug. 12, 2003, now U.S. Pat. No.
6,956,338, entitled, “ANALOG CONTROL OF LIGHT
SOURCES,” expressly incorporated by reference herein as
to the entire contents.

FIELD OF THE INVENTION

Aspects of the present invention are directed generally to
the analog control of light sources such as light-emitting
diodes (LEDs). Aspects of the present invention may, for
example, control a set of light sources in an analog manner
to generate and transition between different colors of light,
and/or control other types of systems.

BACKGROUND

With the availability of high-brightness and low-cost
LEDs in primary colors (e.g., red, green, and blue), many
applications have been developed for a variable color light
source. These applications may be purely decorative or may
be used for purposes of indicating a status.

The majority of the designs to control these three-color
(“RGB”) sources have used digital techniques. Typically,
these have used a programmable micro-controller such as a
PIC. The brightness of the LEDs has been controlled by
pulse width modulation (PWM) or pulse frequency modu-
lation (PFM) techniques. Programmable digital control of
LEDs is popular because it offers several advantages in that
it is flexible and can be remotely addressed and controlled.
An example of such a programmable digital control tech-
nique is found in U.S. Pat. No. 6,016,038 to Mueller, et al.

However, digital techniques have several disadvantages
as well. The PWF or PFM waveforms used by the controller
clocks and the LED control outputs generate substantial
electromagnetic interference (EMI) and radio frequency
interference (RFI) from audio frequencies up to several
Megahertz. Such interference can prevent convenient use of
these devices in some applications, or require the use of
shielding and grounding to prevent interference with nearby
communications and entertainment electronics. EMI regu-
latory barriers may further increase the expense of using
these devices. It is therefore desirable to find ways to control
multi-color light sources in a way that reduces EMI and/or
RFI interference.

Also, programmable digital controllers are becoming rela-
tively more expensive compared to the LEDs that they are
controlling. When blue LEDs were first introduced, they
were quite expensive, and thus not suitable for some cost-
sensitive applications. The cost of a programmable digital
controller was a small fraction of the total system price.
However, more recently, the cost of LEDs has dropped
substantially, causing the control electronics to represent an
increasing fraction of the total device cost. Therefore, the
relative expense of programmable controllers has also
become a disadvantage, and it is becoming increasingly
desirable to find a more cost-efficient alternative.

SUMMARY OF THE INVENTION

Aspects of the present invention are directed to methods
and apparatuses for control the color output of a multi-color
set of light sources such as LEDs in an analog fashion. A set
of light sources each emitting a different color may be
controlled to output light from a single one of the light
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sources or a blend of light from multiple ones of the set of
light sources. By varying the voltage of a single analog
control signal over a continuous range of voltages, the
currents passing through the light sources may be variably
controlled.

Further aspects of the present invention are directed to
controlling a plurality of different colored light sources in an
analog manner, wherein at least one of the light sources is
directly controlled and at least another of the light sources is
indirectly controlled. For example, in a system having red,
green, and blue light sources, two of the colors may be
directly controlled in accordance with an analog control
signal while the third color is indirectly controlled in accor-
dance with how much current is being passed through the
first two color light sources.

Still further aspects of the present invention are directed
to controlling a plurality of different colored light sources in
an analog manner, wherein a budgeted amount of current is
divided among one or more of the light sources, in accor-
dance with an analog control signal.

These and other aspects of the invention will become
apparent to one of ordinary skill in the art upon a reading of
the following description, drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing summary of the invention, as well as the
following detailed description of illustrative embodiments,
is better understood when read in conjunction with the
accompanying drawings, which are included by way of
example, and not by way of limitation with regard to the
claimed invention.

FIG. 1 is a CIE chromaticity chart.

FIG. 2 is a functional block diagram of an illustrative
analog light source controller in accordance with at least one
aspect of the present invention.

FIGS. 3 and 4 are schematic diagrams of illustrative
analog LED control circuits in accordance with at least one
aspect of the present invention.

FIG. 5 is a functional block diagram of illustrative input
sources coupled to an analog LED control circuit in accor-
dance with at least one aspect of the present invention.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

Referring to FIG. 1, the International Commission on
Tumination (CIE) chromaticity chart is shown. In the chart,
the entire range of visible color is shown (independent of
brightness). The “pure” spectral colors are shown by the
long curved line which begins in the lower left and moves
along the “rainbow” sequence from blue, past green, and
then into red. The three-digit numbers along this rainbow
curve represent wavelength in nanometers. An illustrated
inner triangle 102 encloses the range of an ordinary CRT
display, such as a computer monitor or television. An
illustrated larger triangle 101 encloses the range attainable
by an illustrative red-green-blue (RGB) LED triplet (for
example, using LEDs marketed by Nichia Corporation).

Also shown are ten illustrative regions of color, ranging
from blue (region 1), to orange (region 6), to white (region
10). The colors on the periphery of a larger triangle 101
represent the most “saturated” or “pure” colors attainable
with the RGB triplet. Moving towards the center of the
larger triangle 101, the colors become more pale (“pastel”)
as they approach pure white, which is at the center (i.e., the
center of region 10).
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Complete control of an RGB LED triplet is inherently a
three-variable problem, whether the three variables are
“Red, Green, Blue” or “Hue, Saturation, Brightness.” How-
ever, in many applications, brightness may remain a constant
or may be controlled separately. Either way, ignoring the
brightness reduces the variables to two, such as the X and Y
coordinates of the CIE chromaticity chart. However, direct
control by these two variables (e.g., a pair of X and Y user
controls) is not intuitive for the user and provides many
possible control inputs which do not have valid unique
output states. Also, there is no straightforward way to
translate these variables into brightness levels for each of
three LED’s in an RGB triplet.

In many decorative lighting applications, it may be desir-
able to use fully saturated colors at the maximum available
brightness of the LEDs, in which case only the hue might be
controlled, thus reducing control to a one-variable problem.
Controlling fully-saturated hue represents a progression
along a defined path that, in this instance, is the periphery of
the range defined by the primary color light sources avail-
able, such as along the perimeter of the larger triangle 101
in FIG. 1. To do so, appropriate control signals for each LED
in an RGB LED triplet may be derived from a single variable
to control the total light output color of the triplet by
addressing a position along the defined path. As will be
discussed below, that single variable may be represented by
a single control input signal.

To show how hue may be controlled in an analog manner,
an illustrative functional block diagram of an analog con-
troller 200 is shown in FIG. 2. The analog controller 200
may receive a single analog input signal CV. The input
signal CV may represent a command in accordance with the
amount of voltage and/or current of input signal CV. A
voltage converter 201 converts the voltage and/or current of
CV into one or more other voltages that are suitable to
control various portions of the analog controller 200. For
example, the voltage converter 201 may receive the voltage
of CV and step down (or amplify) that voltage to one or
more other voltages that are distributed to other portions of
the analog controller 200. The voltage converter 201 may
include one or more electrical components, such as a net-
work of diodes, transistors, and/or resistors, suitable for
generating one or more output voltages in response to a
single analog input voltage.

One or more of these converted voltages may be distrib-
uted to one or more controllable current managers 203, 204.
The current managers 203, 204 in turn are each coupled to
a respective light source 205, 206. Each current manager
203, 204 acts as a sort of gate that allows a certain amount
of current to pass through its respective light source 205,
206. The current managers 203, 204 each control the amount
of current that can pass in accordance with, e.g., one of the
converted voltages that is generated by the voltage converter
201. The current managers 203, 204 may each include one
or more transistors, and may each be configured as a
voltage-controlled current sink (VCCS) or other current
management device.

One or more of the current managers 203, 204 may be
controlled in accordance with one or more switches 208,
209. The switches 208, 209 may, in response to one or more
of'the converted voltages from the voltage converter, control
whether and/or by how much the current managers 203, 204
operate. For example, switch 208 may control current man-
ager 203 to either allow current to pass through or to bar all
current from passing through. In this manner, the switches
208, 209 may each act as a voltage-controlled switch. In
some embodiments, the switches 208, 209 only control the
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current managers 203, 204 to be either on or off (i.e., fully
closed to current flow). In further embodiments, the switches
208, 209 control the current managers 203, 204 to operate up
to a certain current flow capacity.

The current that ultimately flows through the light sources
205, 206 may be derived from a fixed current source 202.
The fixed current source 202 may provide a fixed budget of
current at a given time. This fixed current budget may be
varied as desired, such as by user control. The fixed current
source 202 may further provide current to a third light source
207. Although three light sources are shown in FIG. 2, less
or more light sources may be controlled. The total current
provided by the fixed current source 202 may be distributed
amongst the light sources 205, 206, 207. In other words, all
of the current provided by the fixed current source 202 may
ultimately pass through one or more of the light sources 205,
206, 207. The amount of current that passes through each
light source may depend upon the current managers 203, 204
and/or the switches 208, 209. Note that the current that
passes through the third light source 207 is shown as not
being directly controlled by a current manager or a switch.
In this embodiment, the third light source 207 is indirectly
controlled. This is because the amount of current passing
through the third light source is the amount of current
remaining from the output of the fixed current source 202
after providing subtracting the amount of current passing
through the directly-controlled light sources 205, 206.

By varying the amounts of current through each of the
light sources 205, 206, 207, the light output brightnesses of
the light sources 205, 206, 207 may be controlled. Where
each of the light sources 205, 206, 207 are of a different light
output color, the total light output color (the sum of the
simultaneous blended light output from the light sources
205, 206, 207) may be varied.

Referring to FIG. 3, an illustrative analog control circuit
300 is shown that is consistent with the functional block
diagram of FIG. 2. The analog control circuit 300 accepts
unregulated direct current (DC) voltage (e.g., 12 to 20 Volts)
at Vin. Capacitor C1 and National Semiconductor LM3480
integrated circuit U1 together form a regulator circuit that
provides regulated DC voltage (e.g., 12 VDC) to the rest of
the control circuit 300. The control circuit 300 controls light
sources 205, 206, 207, which may include LEDs D1 through
D12. At least some of the LEDs D1-D12 may be of different
colors. For example, LEDs D1-D4 emit green light, LEDs
D5-D8 emit red light, and LEDs D9-12 emit blue light.
Thus, in this example, LEDs D1 through D12 together
effectively form an RGB triplet. The set of light sources 205,
206, 207 in the present example include a red light source,
a blue light source, and a green light source. These three
colors are a group of primary colors. However, other pri-
mary or non-primary colors may be used, and less than or
more than three colors may be used. Also, some or all of the
various LEDs D1-D8 may each be separately packaged light
elements and/or may be grouped together as a single physi-
cal package. For example, a single LED chip capable of
generating several different colors (such as a triplet set of
primary colors) simultaneously, and having separate inputs
for each color, may be used.

Transistor Q1, resistors R1 and R10, and diodes D13 and
D14 together may form the fixed current source 202. In the
present example, the output of the fixed current source 202
is 46 mA DC, however, other amounts of current may be
generated. Moreover, the amount of fixed current that the
fixed current source 202 provides at any given time may be
controlled and varied. The fixed current source 202 may
provide all of the current available to the light sources 205,
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206, 207. As LEDs typically have approximately a linear
relationship between brightness and current, this may be
expected to provide a near-constant total brightness across
the entire range of hues. In the present embodiment, all of
the current generated by the fixed current source 202 even-
tually passes through at least some of the light sources 205,
206, 207. Thus, in the present embodiment, if the currents
through all of the light sources 205, 206, 207 were to be
summed, they would total the amount of current generated
by the fixed current source 202.

Transistor Q3 (which may be a Darlington transistor as
shown or other type of transistor) and resistor R4 may
together form the current manager 203, and more particu-
larly may form a VCCS in this embodiment. The current
draw of the current manager 203 in the particular shown
embodiment is defined by: I=(1.2-V ,)/13, where 1 is the
current draw of the current manager 203 and V. is the
base-to-emitter voltage of transistor Q3 (in this example,
approximately 0.6V). In this example, the current manager
203 controls the amount of current through, and thus the
brightness of, the green LEDs D1-D4. Transistor Q5 (which
may be a Darlington transistor as shown or other type of
transistor) and resistor R13 together may also form the
current manager 204, which may be a VCCS of the same
type, controlling the red LEDs D5-D8 in this example. Thus,
the respective groups of the green LEDs D1-D4 (light source
205) and the red LEDs D5-D8 (light source 206) are each
VCCS controlled. In the shown embodiment, the remaining
group of blue LEDs D9-D12 (light source 207) is indirectly
controlled according to how much current is available
beyond what is consumed by the VCCS-controlled LED
groups. Thus, the amount of current passing through LEDs
D9-D12 is indirectly controlled and depends upon how
much current is controlled to pass through LEDs D1-D8.
Although each current manager 203, 204 is shown coupled
to its light source on a side opposite the fixed current source
202, the current managers 203, 204 may be on the same side
of their respective light sources as the fixed current source
202.

The forward voltages across LEDs are often different
depending on the color and chemistry of the LEDs. Typi-
cally, red LEDs have constant forward voltages of approxi-
mately 1.2-1.8 V, green LEDs have constant forward volt-
ages of approximately 2.4-3.6 V, and blue LEDs have
constant forward voltages of approximately 3.0-3.8 V. How-
ever, LEDs or other light sources having other constant or
variable forward voltages may be used. In the example of
FIG. 3, the red LEDs D5-D8 each have a constant forward
voltage of 1.8V, the green LEDs D1-D4 each have a constant
forward voltage of 3.6V, and the blue LEDs D9-D12 each
have a constant forward voltage of 3.6V.

The LEDs D1-D12 are shown as being grouped by color
to form three light sources 205, 206, 207, each light source
having four LEDs (each LED being considered a light
source element). However, light sources may have different
numbers and/or types of light source elements, and/or the
light source elements may be individual instead of grouped.
Where grouped, the LEDs in a light source may be coupled
together in parallel (such as is the color group of LEDs
D1-D4), in series (such as are LEDs D6 and D8), or in a
mixture of both parallel and serial (such as is the color group
of LEDs D5-D8). It may be determined whether to arrange
a particular light source as a series, parallel or mixed group
of LEDs in accordance with the particular forward voltages
of the LEDs used. Where three colors of LEDs are used, as
in the present example, it is preferable but not required to
arrange the LEDs such that the two colors of light sources
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with VCCS control (in this example, the green and red light
sources 205 and 206) each has approximately the same total
forward voltage as the other, while the remaining light
source (in this example, the blue light source 207) has a total
forward voltage that is approximately twice as large as the
forward voltages of the other two light sources.

The analog control circuit 300 may further have an input
node for receiving a single analog control input signal CV.
The voltage of the control input CV may determine which
combinations or subcombinations of the light sources 205,
206, 207 generate light, and how much light is generated by
each. Thus, the analog control input CV may control the
total light output saturated hue, or color, of the light sources
205, 206, 207. The analog control input CV may be origi-
nally generated as an analog signal, or may be converted
from a digital signal into an analog signal by a digital-to-
analog converter.

In operation, consider the case in which the analog control
input CV is OV. Both of the current managers 203, 204 are
turned fully off in the illustrative embodiment. Therefore, all
of the current from the fixed current source 202 flows
through the blue LEDs D9-D12, providing a pure blue total
light output color. The currents that flow through the various
light sources 205, 206, 207 in this embodiment are direct
current.

As the analog control input CV is continuously increased
to approximately 1.6V in the present embodiment, the base
voltage of transistor Q5 becomes high enough (about 1V in
this case) to cause some current to be drawn through the red
LEDs D5-D8. This causes the balance of the total light
output color to begin to move through the magenta/purple
region, towards red. As the analog control input CV is
further continuously increased to approximately 4V, transis-
tor Q5 is drawing all of the available current through the red
LEDs D5-D8, which pulls the voltage at the collector of
transistor Q1 low enough that the blue LEDs D9-D12 are
fully off. Therefore, the total light output color at this point
is pure red. The input voltages for the remaining color
transitions are set by a network of diodes D15-D18 in series
with the CV input.

As the analog control input CV is continuously increased
past 4.5V, transistor Q3 (with a 2.1V drop from diodes
D15-D17) begins to turn on, causing the green LEDs D1-D4
to begin to illuminate and smoothly moving the total light
output color towards yellow.

As the analog control input CV approaches 5V, transistor
Q4 (with a 2.1V drop from diodes D15-D17) begins to turn
on. This reduces the voltage at the base of transistor Q5
reducing the current through the red LEDs D5-D8. There-
fore, the total light output color begins to smoothly shift
towards green, reaching pure green when the analog control
input CV is at approximately 6.9V.

As the analog control input CV is increased past 7V,
transistor Q2 (with a 2.8V drop from diodes D15-D18)
begins to turn on. This reduces the current passing through
the green LEDs D1-D4. Since the VCCS Q5, R13 is now
entirely clamped off by transistor Q4, the current not used by
the green LEDs D1-D4 flows through the blue LEDs
D9-D12. Therefore, the total light output color begins to
shift into the cyan/turquoise/blue-green region. If the volt-
age of the analog control input CV is continuously increased
yet further to 8.0V, the total light output color smoothly
returns to pure blue. Table I summarizes the approximate
states of the control circuit 300 for various voltages of
control input CV, assuming that the current generated by the
current source 202 is a constant 46 mA DC.
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TABLE I
Current Current Current
through through through
green light  red light blue light
CV  source 205 source 206  source 207 Switch Switch
V) (mA) (mA) (mA) 208 209
0.0 0.0 0.0 46 off off
1.6 0.0 1.0 45 off off
4.0 0.0 46 0.0 off off
4.5 1.0 45 0.0 off off
5.0 23 23 0.0 off Partially
On
6.9 46 0.0 0.0 off Fully On
7.0 45 0.0 1.0 Partially Fully On
On
8.0 0.0 0.0 46 Fully On Fully On

Therefore, in response to a range of voltage of a single
analog control input CV, the control circuit 300 has provided
a corresponding range of saturated colors, having moved
partially or completely around the periphery of the larger
triangle 101 on the CIE diagram in FIG. 1. By variably
increasing the current provided by the fixed current source
202, the analog control circuit 300 may produce less satu-
rated colors by allowing all of the light sources 205, 206,
207 to be on simultaneously to some degree throughout the
color change process. Of course, the voltages and currents
described herein are merely illustrative, and other voltages
and currents may be used and generated. Also, although the
voltages of the analog control input CV are discussed in
connection with the present example as being positive, the
voltage of the analog control input CV may be positive
and/or negative, depending upon the configuration of the
control circuit.

Moreover, true Zener type diodes, such as those witha Vz
of less than 6V, may be used to provide smooth color
transitions. An illustrative analog control circuit 400 as
shown in FIG. 4 uses such Zener diodes. Zener diodes with
voltage ratings of 6V and larger may actually be considered
avalanche diodes, as they would use ionization effects to
multiply minority charge carriers in their p-n junctions.
These higher-voltage avalanche diodes have much sharper,
non-linear turn-on transitions. Therefore, a network of
diodes, such as one or more series sets of low-voltage Zener
diodes, may be used to create a smooth, linear turn-on of the
current managers 203, 204. These lower-voltage Zener
diodes may begin to conduct at voltages much less than the
rated “knee” voltage.

The analog control circuit 300 or 400 may be directly or
indirectly coupled to one or more signal sources that feed
into the analog control input CV. For example, referring to
FIG. 5, a user-controlled manual control 501 may be pro-
vided, such as a knob, slide, dial, set of switches, and/or
other such device that allows a user to control the voltage of
the analog control input CV smoothly and continuously
and/or in steps. Further, a wave generator 502, such as a
triangle, sine, or square wave generator, may be provided to
output a changing voltage over time that feeds into the
analog control input CV. The wave generator 502 may
output a wave at a relatively slow rate such that the total light
output color transitions are apparent to the human eye.
Further, the analog control input CV may receive from an
audio source 503 (e.g., a radio, a compact disc player, stereo
system, etc.) an output voltage that varies in accordance with
audio (e.g., music) generated by the audio source 503.
Where an audio source 503 is used, the output of the audio
source 503 may pass through a low-pass filter to make the
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color transitions more apparent to the human eye. One or
more of the sources 501, 502, 503 may be coupled to the
analog control input CV via a switch 504, such as a
three-way switch.

Thus, a simple and cost-effective apparatus and method
for controlling a plurality of light sources has been pre-
sented. An otherwise three-variable color lighting system is
thus controllable using only a single variable. By simply
varying an analog input signal, a range of colors may be
generated in accordance with the different values of the
analog input signal. Because pulse width modulation and
pulse frequency modulation are not necessary, and direct
current may instead be used, electromagnetic interference
and radio frequency interference may be reduced or even
eliminated.

Aspects of the present invention are not limited to control
of color lighting systems, however. Other multi-variable
systems may also be controlled in a simplified manner. For
example, known surround-sound amplifier and speaker sys-
tems can cause sound to appear to be emitted from a
particular location in three-dimensional space. Such a sys-
tem could be controlled using a single variable in a manner
similar to single-variable control of a lighting system. This
may be done where the single variable addresses a particular
location along a defined path in space from which the sound
is to appear to be emitted. Another example of such a
multi-variable system is a positioning system that physically
positions an element via, e.g., a plurality of motors (such as
servo motors). The positioning system may be capable of
moving the element within a three-dimensional space. How-
ever, aspects of the present invention may be used to
simplify control of such movement by a single variable.
Similar to the surround-sound system, this may be done
where the single variable addresses a particular location
(e.g., distance) along a defined path in space.

While illustrative systems and methods as described
herein embodying various aspects of the present invention
are shown by way of example, it will be understood, of
course, that the invention is not limited to these embodi-
ments. Modifications may be made by those skilled in the
art, particularly in light of the foregoing teachings. For
example, each of the elements of the aforementioned
embodiments may be utilized alone or in combination with
elements of the other embodiments. In addition, the inven-
tion has been defined using the appended claims, however
these claims are exemplary in that the invention is intended
to include the elements and steps described herein in any
combination or sub combination. It will also be appreciated
and understood that modifications may be made without
departing from the true spirit and scope of the invention.

What is claimed is:

1. An analog control circuit for a plurality of light sources,

comprising:

a current source providing a main current;

a first light source path including a first current manager
coupled between the current source and a first potential,
the first current manager controlling an amount of a
first current through a first light source;

a second light source path including a second current
manager coupled between the current source and the
first potential, the second current manager controlling
an amount of a second current through a second light
source;

a third light source current path coupled between the
current source and a third light source; and
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an input node for receiving an analog input, the input node
variably and continuously controlling the first and
second current managers in accordance with the analog
input,

wherein the main current is continuously distributed

through at least one of the plurality of light sources.

2. The analog control circuit of claim 1, wherein an
amount of a third current through the third light source
current path is indirectly controlled in accordance with
amounts of the first and second currents passing through the
first and second light sources.

3. The analog control circuit of claim 1, wherein the first,
second, and third light sources each include a light-emitting
diode.

4. The analog control circuit of claim 1, wherein the first,
second, and third light sources are each of a different color.

5. The analog control circuit of claim 1, wherein the third
light source current path does not include a current manager.

6. The analog control circuit of claim 1, wherein each of
the first and second current managers is a voltage-controlled
current sink.

7. The analog control circuit of claim 1, wherein the input
node is coupled to an output of an audio source.

8. The analog control circuit of claim 1, further including
a manual control for controlling a voltage of the analog
input.

9. The analog control circuit of claim 1, wherein substan-
tially a same drop in potential occurs across the first, second,
and third light sources.

10. The analog control circuit of claim 9, wherein at least
one of the first, second, and third light sources includes a
plurality of individual light source elements.

11. An apparatus, comprising:

a first light source;

a second light source;

a third light source;

current source means for providing a total fixed current to

the first, second, and third light sources;

first current control means for controlling an amount of

current through the first light source;

second current control means for controlling an amount of

current through the second light source; and
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input means for receiving an analog input and variably
controlling the first and second current control means in
accordance with the analog input,

wherein the third light source is indirectly controllable.

12. The apparatus of claim 11, wherein the currents
through the first and second light sources are each continu-
ous currents regardless of the amount of each of the currents.

13. An analog control circuit for a plurality of light
sources, comprising:

an input node configured to receive an analog control

signal;

a first current path configured to pass first current through

a first light source, the first current being directly
controlled in accordance with the analog control signal;

a second current path configured to pass second current

through a second light source, the second current being
directly controlled in accordance with the analog con-
trol signal; and

a third current path configured to pass third current

through a third light source, the third current being
indirectly controlled in accordance with the analog
control signal.

14. A method for controlling a plurality of light sources,
comprising steps of:

receiving an analog input signal;

generating a first voltage and a second voltage based on

the analog input signal, the second voltage being dif-
ferent from the first voltage;

variably controlling an amount of continuous current

passing through a first light source in accordance with
the first voltage; and

variably controlling an amount of continuous current

passing through a second light source in accordance
with the second voltage.

15. The apparatus of claim 13, wherein the first, second,
and third currents are each continuous currents regardless of
an amount of each of the first, second and third currents.



