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SPATIAL LIGHT MODULATION DISPLAY 
SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is related to US. patent applica 
tion Ser. No. 10/ 951,995, entitled “Spatial Light Modulation 
Display System,” ?led on Sep. 27, 2004,Which is incorpo 
rated herein by reference. 

TECHNICAL FIELD 

[0002] The present invention relates generally to display 
systems that use a spatial light modulation device. 

BACKGROUND 

[0003] Spatial light modulation (SLM) display systems 
are display systems that use light re?ected or transmitted by 
individual elements of a spatial light modulator to generate 
a display image. One type of spatial light modulator is a 
digital micromirror device (DMD). SLM display systems 
are knoWn that incorporate a DMD, such as those commer 
cially available from Texas Instruments, Inc. under the 
trademark DLP® (Digital Light Processing). 

[0004] FIG. 1 shoWs an example of an SLM projection 
display system 10. The system 10 includes an arc lamp 11 
that emits White light. A ?rst condenser lens 13 focuses the 
White light onto a color ?lter Wheel 15. A second condenser 
lens 17 receives the ?ltered light and focuses it onto a DMD 
chip 19. The DMD chip 19 includes an array of tiny mirror 
elements, Which together modulate the light and transmit the 
modulated light to projection lens 29, Where it can be 
focused for display on the screen 31. 

[0005] FIG. 2 shoWs a portion of a DMD array 19 having 
mirror elements 21 suspended over a substrate 23. Electro 
static attraction betWeen the mirror 21 and an address 
electrode 25 causes the mirror 21 to tWist or pivot, in either 
of tWo directions, about an axis formed by a pair of torsion 
beam hinges 27a and 27b. Typically, the mirror 21 rotates 
about these hinges until the rotation is mechanically 
stopped. The movable mirror 21 tilts into the on or off states 
by electrostatic forces depending on the data Written to an 
associated memory cell (not shoWn). The tilt of the mirror 21 
can be on the order of plus 10 degrees (on) or minus 10 
degrees (o?) to modulate the light that is incident on the 
mirrored surface. For additional details, see US. Pat. No. 
5,061,049 entitled “Spatial Light Modulator” and US. Pat. 
No. 5,280,277 entitled “Field Updated Deformable Mirror 
Device,” both to Larry J. Hombeck. 

[0006] Referring again to FIG. 1, the color ?lter Wheel 15 
includes red (R), green (G), and blue (B) ?lter elements. The 
?lter Wheel 15 is driven by a motor 16 to rotate so that the 
different color ?lter elements sequentially ?lter the light 
passing through the ?lter Wheel 15. Thus, as the ?lter Wheel 
15 rotates, the color of light emanating from the ?lter Wheel 
15 changes according to the Wheel position. Typically the 
?lter Wheel 15 rotates at least once per frame for display of 
a multi-color image. The frequency of the rotation of the 
Wheel 15 is controlled by a sequencer 33 based on the frame 
rate of image data received from an image source 35. 

SUMMARY 

[0007] Disclosed herein is an improved SLM display 
system that uses light emitting diodes (LEDs) for red, green, 
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and blue light sources. Thus, red, green and blue light can be 
emitted from the light source, eliminating the need for a 
color Wheel assembly as used in prior systems. 

[0008] Like With other types of light sources, LEDs lose 
brightness as their operational time increases. HoWever, as 
LEDs age, each of the R, G, and B LEDs may lose 
brightness at different rates. This Will cause the White point 
(color balance) to shift as the operational time of the LED 
display system increases. Thus, a method is needed to detect 
this White point shift and then adjust the brightness of R, G, 
and B colors so that the White point is restored to the desired 
value. 

[0009] Even neW display systems coming out of produc 
tion With neW LEDs can have variations in White point due 
to variations in the brightness of light emitted from the 
LEDs. Therefore, a method is needed for adjusting the White 
point to an acceptable value When these display systems are 
turned on. Preferably, this can be done Without having to 
manually adjust (through hardWare or ?rmWare) any parts in 
the display system. 

[0010] Accordingly, disclosed herein is a method and 
apparatus for detecting and adjusting the White point (color 
balance) in an SLM display system. As disclosed herein, a 
sensor is used to detect the color intensity of each of the R, 
G, and B LEDs. This information can then be used to adjust 
the intensity of light emitted by the LEDs to move the White 
point back to a prescribed value. 

[0011] The sensor can be positioned to sense light directed 
in an off-state light direction by the DMD as described in 
greater detail beloW. Then, as a display system is poWered 
up (or every N poWer-ups), the DMD can be turned off for 
one color and on for the other tWo. This Will alloW just one 
color LED light to strike the sensor. For example, if the 
DMD mirrors are turned on during the time intervals for R 
and G LED light and off during the time interval for B LED 
light, then the display screen Will shoW yelloW and the 
sensor Will see only blue light. The intensity of the blue light 
can then be measured independently of the red and green 
lights. This process can then be repeated to sense the R and 
G light independently, and data can be collected for the 
intensity of each of the R, G, and B lights. Alternatively, the 
light sensor can be placed at any point along a path betWeen 
the LEDs and a display screen Where the display system 
displays images, including positions Where the sensor col 
lects light at the boundaries of the light path so as to avoid 
interfering With light going to the screen. 

[0012] During this process, the sensor sees full-scale light 
for each color, Which may be too bright for the sensor to 
accurately measure given LED and optical variations that 
can exist. To correct for this problem, the DMD can be used 
to modulate the light that the sensor detects. So, for example, 
if the system controller receives a signal from the sensor and 
determines that the sensor is at or near full-scale (or other 
Wise outside an optimal operating range of the sensor) 
during the blue-light reading, then the system controller can 
command that a calibration image (modulation pattern) be 
applied that reduces the intensity of blue light striking the 
sensor. In some embodiments, a calibration image can be 
applied by default rather than alloWing full-scale brightness 
of the LED light by default. The patterns for the calibration 
image can be blue-noise patterns Where the density of the 
pattern determines the color intensity that the sensor sees. 
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The pixels in the pattern can be either always on or always 
oif throughout the blue light time (or red or green light time 
if the light of either of those colors is too bright). 

[0013] The sensor can be positioned such that the light 
re?ected from the DMD mirrors in their off-state is not 
focused directly on the sensor. This Way, the light from the 
blue-noise patterns Will appear as a single intensity over the 
entire sensitive area of the sensor. In other Words, the sensor 
Will not see individual pixels, so the pixel-to-pixel modula 
tion Will have no impact on the sensor other than reducing 
the average brightness level according to the density of the 
blue-noise pattern. 

[0014] Different blue-noise patterns (e.g., densities) can be 
tried by the control system until the sensor is in a desirable 
operating range for determining the light intensities. The 
controller can read and store sensor data as Well as record the 
density of the blue-noise pattern used for the intensity of 
light associated With the sensor data. These tWo parameters 
can then be used to determine the total relative intensity of 
light from the R, G, and B LEDs. 

[0015] Each display color intensity is adjusted until a 
prescribed color balance is restored. For example, it is often 
desirable that the ratio of lumens intensity that the display 
screen sees be set to 0.2 R/0.7 G/0.l B. This means that it 
is not alWays simply a matter of achieving the same lumens 
for each color LED for proper White balance. Depending on 
Which color standard is used, the exact ratio of colors can 
vary. 

[0016] In some embodiments, the density of the blue-noise 
patterns can be varied so that the sensor is driven to output 
a same brightness signal (e.g., same voltage level) for each 
color. In other embodiments, the density of the blue-noise 
patterns can be varied just enough to Where the sensor is 
operating Within an acceptable operating range, and the 
relative intensities of the LEDs can be derived from the 
brightness signals from the sensor along With the density of 
the blue-noise patterns used. 

[0017] Also, in some embodiments, patterns other than 
blue-noise patterns can be used for modulating the off-state 
light. For example, other patterns can include White-noise 
patterns or structured patterns. An example of a structured 
pattern can be a checkerboard pattern for 50% density. 

[0018] In some embodiments, the relative intensities of 
light from the LEDs can be adjusted by increasing or 
decreasing electrical current to the LEDs. Alternatively, the 
LED currents can be left the same and the relative intensity 
of the appropriate colors can be turned doWn electronically 
via signal processing. For example, the P7, or “7 Primary” 
algorithm disclosed in US. Pat. No. 6,594,387 to Greg 
Pettitt, the contents of Which are hereby incorporated by 
reference, can be used to turn doWn the colors needed by 
adjusting the electronic gain on the appropriate color chan 
nels. A bene?t of using the P7 algorithm is that P7 gains the 
appropriate colors doWn for color points near White, but as 
the colors approach saturation the gain is returned to its 
normal setting. The result is, that unlike reduced actual drive 
current to the LED, the LEDs can all remain at their full 
brightness for saturated colors and near-saturated colors. 
Thus, colors near or at R, G, B, Y, C, and M remain at the 
maximum brightness possible. While this can result in some 
distortion in the relative intensity of some color shades, 
many vieWers of images prefer the brighter colors. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] Embodiments are illustrated by Way of example in 
the accompanying ?gures, in Which like reference numbers 
indicate similar parts, and in Which: 

[0020] FIG. 1 shoWs a block diagram of a conventional 
DMD-based display system; 

[0021] FIG. 2 shoWs a perspective vieW of an array of 
DMD mirrors; 

[0022] FIG. 3 shoWs an embodiment of a spatial light 
modulation (SLM) display system; 

[0023] FIG. 4 shoWs a block diagram of control elements 
of a display system, such as the one shoWn in FIG. 3; 

[0024] FIG. 5 shoWs a block diagram of a system con 
troller of a display system, such as the one shoWn in FIGS. 
3 and 4; 

[0025] FIG. 6 shoWs a ?owchart of a process for detecting 
and adjusting color balance in a display system; 

[0026] FIG. 7 shoWs a timing diagram for an alternative 
timing scheme for the process of detecting and adjusting 
color balance; and 

[0027] FIG. 8 shoWs an alternative embodiment of an 
SLM display system. 

DETAILED DESCRIPTION 

[0028] FIG. 3 shoWs an optical construction for a spatial 
light modulation (SLM) display system 100. The display 
system 100 includes a ?rst light source 102, a second light 
source 103, and a third light source 104. The display system 
100 also includes, along an optical axis AX, an illumination 
optical system IL, a DMD 106, and a projection optical 
system PL for projecting an image onto a projection surface 
107. The light sources 102-104 and the DMD 106 operate 
according to instructions received from a system controller 
120 (shoWn in FIGS. 4 and 5). 

[0029] The light sources 102-104 each can include a single 
light emitting diode (LED) or an array of LEDs for emitting 
a respective one of three primary colors. In the present 
embodiment, the ?rst light source 102 includes an LED 
array for emitting blue light, the second light source 103 
includes an LED array for emitting green light, and the third 
light source 104 includes an LED array for emitting red 
light. HoWever, other colors and arrangements of colors can 
be used. 

[0030] The light radiated from the light sources 102-104 is 
directed through the illumination optical system IL to the 
DMD 106. The illumination optical system IL comprises a 
plurality of optical elements for directing and smoothing the 
light from the light sources 102-104. 

[0031] The illumination optical system IL includes colli 
mating lenses 108-110 for collimating light from the light 
sources 102-104. Speci?cally, the blue light from the ?rst 
light source 102 is collimated by a collimating lens 108,the 
green light from the second light source 103 is collimated by 
a collimating lens 109, and the red light from the third light 
source 104 is collimated by a collimating lens 110. 

[0032] The illumination optical system IL also includes a 
pair of ?lter elements 112 and 113. The ?rst ?lter element 
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112 passes the blue light and re?ects the green light. The 
second ?lter element 113 passes the blue and green light and 
re?ects the red light. In some embodiments, the ?lter ele 
ments 112 and 113 can be optical elements having a dichroic 
surface for ?ltering. 

[0033] As mentioned above, the illumination optical sys 
tem IL performs a function of smoothing the light from the 
light sources 102-104. Smoothing the light makes it possible 
to minimiZe the difference in brightness betWeen axial and 
off-axial rays on the display surface of the DMD 106 (i.e., 
it is possible to make the brightness distribution uniform). 
This smoothing of illumination light is achieved by an 
integrator rod 115. 

[0034] The illumination optical system IL further includes 
a relay lens unit RL for relaying light from the integrator rod 
115 to the DMD 106. In the present embodiment, the relay 
lens unit RL includes a ?rst relay lens 117 and a second relay 
lens 118. HoWever, those skilled in the art Will appreciated 
that other con?gurations and combinations of optical ele 
ments can be used as needed for the relay lens unit RL. 

[0035] The DMD 106 includes an array of independently 
controllable mirror elements, Which together modulate the 
light received from the illumination optical system IL and 
transmit the modulated light to the projection optical system 
PL, Where it can be focused for display on the projection 
surface 107, such as a screen. More speci?cally, the DMD 
106 is so constructed that each of its mirror elements is in 
one of tWo differently inclined states, namely either in an 
ON state or in an OFF state. Only mirror elements in their 
ON state direct the illumination light along the optical axis 
ON shoWn in FIG. 3, toWards the projection optical system 
PL for display. The mirror elements in their OFF state direct 
the illumination light along the optical axis OFF shoWn in 
FIG. 3, in a non-display direction aWay from the projection 
optical system. 

[0036] The light directed along the optical axis ON in the 
display direction passes through the projection optical sys 
tem PL and eventually forms a display image on the pro 
jection surface 107. The projection optical system PL can 
include any number of optical elements for projecting the 
image light modulated by the DMD 106 onto the projection 
surface 107 located at a predetermined distance or Within a 
predetermined range of distances. 

[0037] The light directed along the optical axis OFF in the 
non-display direction is sensed by a light sensor 119. The 
light sensor 119 is preferably located for sensing an intensity 
of light directed from the DMD 106 in the non-display 
direction. HoWever, other locations for the light sensor 119 
can be used. The light sensor 119 outputs a brightness signal 
indicative of the intensity of received light. In some embodi 
ments, the brightness signal is a voltage having a voltage 
level indicative of the intensity of received light. 

[0038] The light sensor 119 outputs the brightness signal 
to a system controller as shoWn in FIG. 4, Which shoWs an 
overvieW of control elements of the display system 100. The 
system controller 120 also receives image data from a video 
source 122. The system controller 120 outputs control 
signals to the light sources 102-104 and to the DMD 106 
according to the image data received from the video source 
122. The system controller 120 controls the intensity of the 
output of the light sources 102-104 according to brightness 
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signals received from the light sensor 119 based on a 
prescribed color balance or White point. 

[0039] FIG. 5 shoWs a more detailed vieW of the system 
controller 120. The system controller 120 includes a pro 
cessing device 124 that receives image data from the video 
source 122. The image data can be digital RGB or YUV 
video or graphics data. The controller can convert YUV data 
into RGB data as needed for Writing data to the DMD. The 
image data can originate from any of a number of devices, 
including a computer, a set-top box for cable or satellite 
television, a television antenna or many other sources. 

[0040] The processing device 124 can include circuitry for 
processing the image data to put it in the proper format 
and/or to otherWise modify characteristics of the image to be 
displayed. Speci?c examples of circuitry that can be 
included in the processing device 124 include gamma cir 
cuitry, color hue correction circuitry, blue-noise spatial 
temporal multiplexing (STM) circuitry, and noise-free 
boundary dispersion circuitry. If the video source 122 pro 
vides analog image data, then the processing device 124 can 
also include an analog-to-digital converter. The processing 
device 124 can also include data arrangement circuitry for 
arranging the pixel data into proper patterns to be displayed 
by the DMD 106. 

[0041] The graphics RAM 126 comprises a memory 
capable of storing one or more complete video frames. The 
video frames may be stored, for example, in the graphics 
RAM 126 as a set of bit-planes. For example, Where the 
pixel data has an 8-bit per color format, the data can be 
stored as 24 bit-planes. Each bit plane corresponds to one bit 
of an eight bit value representing the intensity of one of the 
three primary colors of light. Because there are three eight 
bit values, 24 bit planes are stored. Alternative forms of 
storage are readily contemplated and the pixel data can 
alternatively be stored as groups of bits, rather than as 
individual bit planes. The graphics RAM 126 can be a 
dynamic random access memory array, for example a double 
data rate synchronous random access memory. The graphics 
RAM 126 can additionally serve as a general purpose 
processing RAM. 

[0042] At the appropriate time, the processing device 124 
fetches output video pixel data stored in the graphics RAM 
126, reformats the pixel data as is appropriate for DMD data, 
and then transfers the data to the DMD 106 for display. As 
explained beloW, the light sources 102-104 are controlled to 
provide the blue, green, and red light, respectively, to the 
DMD 106, alloWing the DMD 106 to produce a color video 
image composed of a plurality of colors created by com 
bining the primary colors of light supplied by the light 
sources 102-104. 

[0043] The processing device 124 controls the timing of 
transfers of output video pixel data to the DMD 106, the 
location in the graphics RAM 126 Where the data is trans 
ferred from, the position on the DMD 106 Where the output 
pixel data is displayed, and the timing necessary to display 
the data. The processing device 124 also provides instruc 
tional color data to an LED controller 130 for controlling 
activation of the light sources 102-104 according to colors 
associated With the output video pixel data. The processing 
device 124 generates timing information based on the image 
data received from the video source 122 With a frequency 
equivalent to the frequency of the video frame that is to be 
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displayed on the DMD 106. The processing device 124 uses 
this timing information for controlling the transfer of video 
frames from the graphics memory 126 to the DMD 106. The 
sequence of timing instructions needed to generate the 
addresses and timing signals necessary to display an entire 
frame of video data can be stored in a timing memory (not 
shoWn) internal to the processing device 124, or alterna 
tively in a separate external memory such as a Flash 
memory. The processing device 124 outputs instructional 
color data for activation of the light sources 102-104 sequen 
tially in time, activating each color for a portion of each 
frame. For example, the light sources 102-104 can be 
activated such that the red light source 104 is ?rst activated 
for 14% of the frame period, then the green light source 103 
is activated for 60% of the frame period, and then the blue 
light source is activated for the remaining 26% of the frame 
period. It should be noted that this is just one of many 
possible sequences and percentages that can be used. 

[0044] The LED controller 130 includes logic for decod 
ing the instructional color data received from the processing 
device 124. The LED controller 130 provides control signals 
for activating the light sources 102-104 according to the 
instructional color data. 

[0045] The processing device 124 receives brightness data 
from the sensor 119. In some embodiments, an optional 
analog-to-digital converter 128 can be used to convert 
analog brightness signals from the sensor 119 to digital 
brightness data. The processing device 124 receives the 
brightness data and performs a process for detecting a shift 
in color balance as discussed in greater detail beloW in 
connection With FIG. 6. In some embodiments, the process 
ing device 124 can then issue instructional data to the LED 
controller 130 to adjust the current supplied to the light 
sources 102-104 as necessary to restore proper White bal 
ance. Another method of adjusting the poWer Would be to 
alter the duty cycles to the LEDs While holding the current 
level to each LED constant. In other embodiments, the 
processing device can use the P7, or “7 Primary” algorithm 
discussed above to turn doWn the colors as needed by 
adjusting the electronic gain on the appropriate color chan 
nels. 

[0046] The processing device 124 can detect Whether the 
sensor 119 is operating Within a speci?ed operating range 
based on the brightness signal output from the sensor 119. 
For example, if the light detected by the sensor 119 is too 
bright, the sensor 119 output is clipped. For other reasons 
discussed beloW, it can be desirable for the sensor. 119 to 
output brightness signals having a speci?c value or having 
a value that is Within a speci?ed range of values. In any case, 
if the output of the sensor 119 is outside of a desired range, 
the processing device 124 can control the DMD 106 to 
modulate the light being directed toWards the sensor (along 
the optical axis OFF in the embodiment shoWn in FIGS. 3 
and 4). It should be noted that, in some embodiments, a 
calibration image can be applied by default rather than 
alloWing full-scale brightness of the LED light by default. 
By modulating the light, the brightness of the light can be 
controlled so as to control the intensity of light striking the 
sensor. The patterns for the calibration image are preferably 
blue-noise patterns Where the density of the pattern deter 
mines the intensity of light directed in the direction of the 
sensor 119. Alternatively, patterns other than blue-noise 
patterns can be used for modulating the light. For example, 
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other patterns can include White-noise patterns or structured 
patterns. An example of a structured pattern can be a 
checkerboard pattern for 50% density. 

[0047] The system controller 120 has been illustrated to 
include four functional blocks. It is understood, hoWever, 
that the delineation of particular functions is someWhat 
arbitrary and that each of these functions could be performed 
in one or more different integrated circuits that operate 
according to circuit design and/or softWare control. The 
functional blocks are labeled here for purposes of illustration 
and several of the functions can be combined of separated in 
various circuits or other functional units. The system con 
troller 120 is not limited to use With the display system 100; 
rather it can be used With a variety of illumination systems, 
particularly those including or one or more light source(s) 
and one or more spatial modulation device(s). For example, 
it is contemplated that a single light source could be used to 
selectively emit tWo or more different colors of light. 

[0048] FIG. 6 shoWs an example of a process that the 
processing device can perform for detecting a shift in color 
balance. The process shoWn in FIG. 6 is but one of several 
possible embodiments and can be modi?ed in many Ways 
Without departing from the concepts being conveyed. 

[0049] The process shoWn in FIG. 6 is initiated at step 
S10. This process can be initiated at system startup, system 
shutdoWn, every N startups or shutdoWns, can be invoked by 
a user (e.g., in response to a user command) or system 
command at any time. Since an entire color time is used each 
time the sensor is read, the display screen Will be disturbed. 
Therefore, in some embodiments the LED White point 
correction process can be run only at poWer doWn When brief 
?ashes to the display screen are alloWable. The sensor data 
collected can then be used at the next poWer-up. In such 
embodiments, provisions can be made to account for a 
change in room temperature at t,he next poWer-up. A change 
in room temperature can affect the accuracy of the sensor 
data collected at the last poWer doWn since the brightness of 
an LED can be affected by temperature. Appropriate cor 
rection can be made by including a temperature sensor in the 
system and reading temperature data any time the LED 
White point correction is to be applied. Any brightness errors 
due to temperature can be predicted by using a look-up-table 
in the processing device that correlates LED brightness loss 
to room temperature. This then alloWs the sensor data 
gathered at poWer doWn to still be used With very accurate 
results. 

[0050] At step S12, COLOR is initialiZed to “l”. The 
value of COLOR dictates Which of the colors (e.g., R, G, or 
B) is to be directed along the optical axis OFF in the 
non-display direction. For example, COLOR=l can corre 
spond to red light, COLOR=2 can correspond to green light, 
and COLOR=3 can correspond to blue light. Thus, in the 
case of COLOR=l, red light Will be directed along the 
optical axis OFF in the non-display direction, While green 
and blue light is directed along the optical axis ON in the 
display direction. 

[0051] At step S14, MOD_PATT is initialiZed to “0”. The 
value of MOD_PATT dictates the modulation pattern to be 
used by the DMD 106 for modulation of the off-state light. 
For example, MOD_PATT=0 can correspond to no modu 
lation of the off-state light. In this case, the sensor 119 sees 
full-scale light for each color, Which may be too bright for 
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the sensor 119 to accurately measure. Alternatively, MOD 
_PATT=0 can correspond to any modulation pattern or 
density. To correct for this problem, the value for MOD 
_PATT can be changed causing the DMD 106 to modulate 
the light that is directed toWards the sensor 119 as discussed 
in greater detail beloW. 

[0052] At step S16, the light sources 102-104 are sequen 
tially activated. The DMD 106 is controlled to direct light in 
the non-display direction While the light source of light 
sources 102-104 emitting a color corresponding to the 
present value of COLOR is activated. Otherwise, the DMD 
106 is controlled to direct light in the display direction. For 
example, for COLOR=l corresponding to R, the DMD 106 
is controlled to direct light in the non-display direction While 
the red light source 104 is activated and the DMD 106 is 
controlled to direct light in the display direction While the 
blue and green light sources 102-103 are activated. 

[0053] At step S18, the processing device 124 detects a 
brightness value based on a brightness signal output from 
the sensor 119. In a preferred embodiment, the sensor 119 
outputs a voltage having a voltage level Vout that varies 
linearly based on the brightness of the sensed light. The 
voltage from the sensor 119, therefore, constitutes a bright 
ness signal. The analog-to-digital converter 128 receives the 
voltage Vout from the sensor 119, and converts it to a digital 
brightness signal. The analog-to-digital converter 128 then 
forwards the digital brightness signal to the processing 
device 124. It Will be appreciated that the analog-to-digital 
converter. 128 is optional, for example in cases Where the 
sensor 119 outputs a digital signal rather than an analog 
signal. 

[0054] At step S20, a determination is made as to Whether 
the brightness value received from the sensor 119 is accept 
able. This can ensure that an output of the sensor 119 is at 
least Within an acceptable operating range (e.g., not clipped). 
In some embodiments, step S20 includes checking Whether 
the brightness value is Within a speci?ed operating range of 
the sensor 119. In some embodiments, depending on hoW the 
relative intensities are calculated at step S26, step S20 can 
include checking Whether the brightness value is equal to a 
speci?ed value. If the brightness value is not acceptable 
(“NO” at step S20), the process continues to step S21. 
OtherWise, if the brightness value is acceptable (“YES” at 
step S20, the process continues to step S22. 

[0055] At step S21, a value of MOD_PATT is incre 
mented. In other Words, the modulation pattern to be used by 
the DMD 106 for modulation of the off-state light is 
changed. If the brightness value received at step S18 is 
determined at step S20 to be representative of light that is 
too bright, then MOD_PATT can be changed to a value 
associated With a modulation pattern that Will reduce the 
amount of light that the DMD 106 directs in the non-display 
direction. For example, MOD_PATT can be changed from 
MOD_PATT=0, Where none of the light associated With the 
present value of COLOR is modulated aWay from the 
non-display direction, to an alternative value for MOD 
_PATT Where some amount of the light associated With the 
present value of COLOR is modulated aWay from the 
non-display direction. It Will be appreciated that the value of 
MOD_PATT can be any value for Which a modulation 
pattern or calibration image can be used to achieve the 
desired modulation density. For example, in some embodi 
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ments the modulation patterns can include blue-noise pat 
terns that can be controlled to vary amoung 256 grayscale 
levels (e.g., 0=black, 255=full-scale). The sequence of steps 
from step S16 to step S21 continue to be repeated until the 
brightness value at step S20 is determined to be a speci?ed 
value or Within a speci?ed range of values. 

[0056] At step S22, the brightness value determined to be 
the speci?ed value or Within the speci?ed range of values at 
step S20, as Well as the value of MOD_PATT associated 
With the brightness value, are stored for later use. These 
values of brightness and MOD_PATT are stored such that 
they are associated With the present value of COLOR. 
Speci?cally, the brightness and MOD_PATT values Will be 
stored for each value of COLOR and used at step S26 for 
calculation of the relative intensities of the colors of light. 

[0057] At step S24, a determination is made as to Whether 
steps S16, S18, S20, and S22 have been performed for light 
associated With each color. Speci?cally, the value of 
COLOR is checked. If the value of COLOR does not equal 
“3” (“NO” at step S24), then the process continues to step 
S25 Where the value of COLOR is incremented (e.g., from 
COLOR=1 to COLOR=2 or from COLOR=2 to COLOR=3) 
and steps S16, S18, S20, and S22 (and S21 if necessary) are 
repeated. OtherWise, if the value of COLOR equals “3” 
(“YES” at step S24), then the process continues to step S26. 

[0058] At step S26, the processing device 124 calculates 
the relative intensities of the colors of light using the 
brightness values and MOD_PATT values stored at step S22. 
In some embodiments, the density of the modulation pat 
terns is varied during steps S 16-S20 until the sensor is 
driven to a prescribed brightness signal value (e.g., same 
voltage level) for each color, in Which case the relative 
intensities can be determined directly from the relative 
modulation densities necessary to achieve a same brightness 
signal value. In other embodiments, the density of the 
modulation patterns is varied just enough to Where the 
sensor 119 is operating Within an acceptable operating range 
for steps S16-S20, in Which case step S26 can include 
deriving the relative modulation densities at Which a same 
brightness signal value could be expected. 

[0059] An example of the calculations performed in step 
S26 Will noW be described for illustration purposes. In an 
exemplary embodiment, the sensor 119 has a linear output 
(Where the Vout is directly proportional to the intensity of 
sensed light) With a valid output range of 0.lV-0.9V, most 
accurate in a range of 0.4V-0.6V, and an ideal output being 
0.5V. The sensor 119 output varies depending on the Wave 
length of color being sensed according to a color balance 
ratio of 1.0 R/0.8 G/0.6 B. The modulation patterns are 
blue-noise patterns that vary among 256 grayscale levels 
(0=black, 255=full-scale). 
[0060] Steps S16-S22 are performed for each of red, blue, 
and green light yielding the folloWing results. For red light, 
a ?rst pass (through steps S16-S21) using a blue-noise 
pattern at full-scale results in an output of 1.0V from the 
sensor 119, Which is just at the edge of clipping. Thus, a 
second pass for red is performed using a blue-noise pattern 
at 25% density (alloWing only 25% of the red light to be 
directed in the non-display direction) resulting in an output 
of 0.25V from the sensor 119. For green light, a ?rst pass 
using a blue-noise pattern at full-scale results in a clipped 
output from the sensor 119. Thus, a second pass for green is 
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performed using a blue-noise pattern at 25% density, Which 
results in an output of 0.75V from the sensor 119. For blue 
light, a ?rst pass using a blue-noise pattern at full-scale 
results in an output of 0.55V. Thus, a second pass for blue 
light is not necessary. Thus, at step S22, data for each color 
of light is stored as folloWs: 

Color Brightness signal (Vout) Modulation density 

Red 0.25 V 25% 
Green 0.75 V 25% 
Blue 0.55 V 100% 

[0061] Next, at step S26, the processing device 124 uses 
the data stored in step S22 to calculate the present (uncor 
rected) color balance. In this example, it is desired that the 
color balance for the display system 100 be maintained at 
tWo parts red, seven parts green, and three parts blue (0.20 
R/0.70 G/0.30 B). First, the processing device 124 calculates 
a modulation density for each of the colors of light at Which 
the output of the sensor 119 could be expected to be 
approximately 0.5V (e.g. 0.5V:0.01V). The calculation is 
made for each color based on simple ratios as folloWs: 

Where DR, D6, and DB are the respective densities at Which 
an output of the sensor 119 could be expected to be approxi 
mately 0.5V. In other embodiments, the steps S16-S21 can 
be repeated until the desired output of the sensor 119 is 
achieved rather than performing the above calculation. 

[0062] In this example, the sensor 119 output varies 
depending on the Wavelength of color being sensed accord 
ing to a color balance ratio of 1.0 R/0.8 G/0.6 B. Thus, a 
calculation of the present color balance ratios must account 
for this sensor characteristic. The lumens ratio for the 
present color balance can be expressed as LR/LG/LB Where 
LR is the percentage of red, LG is the percentage of green, 
and LB is the percentage of blue. Each component LA (Where 
7»=R, G, or B) of the lumens ratio can be calculated based on 
the folloWing expression: 

L1 dildi] 

Where LSA is the corresponding component of the color 
balance ratio of the sensor 119. Accordingly, the present 
color-balance ratios can be calculated as folloWs: 
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The above-calculated values are then normaliZed for 0.70 G 
(recall that, in this example, the target color balance ratio is 
0.20 R/0.70 G/0.30 B) giving a present color balance ratio 
of 0.187 R/0.700 G/0.171 B. Thus, in this example, the 
present color balance ratio requires correction. 

[0063] Referring once again to FIG. 6, once the present 
color balance ratio has been calculated at step S26, the 
process continues to step S28. At step S28, a determination 
is made as to Whether the present color balance ratio is 
acceptable. If not, as in the above example, the process 
continues to step S30 Where the color balance is adjusted. 
OtherWise, the process ends at step S32. 

[0064] At step S30, the relative intensities of the light 
colors R, G, and B can be adjusted according to any knoWn 
method. In some embodiments, the relative intensities of 
light from the LEDs can be adjusted by increasing or 
decreasing electrical current to the LEDs. Alternatively, the 
LED currents can be left the same and the relative intensity 
of the appropriate colors can be turned doWn electronically 
via signal processing. For example, the P7, or “7 Primary” 
algorithm discussed above can be used to turn doWn the 
colors needed by adjusting the electronic gain on the appro 
priate color channels. 

[0065] In the example above, Where the uncorrected color 
balance Was calculated to be a ratio of 0.187 R/0.700 
G/0.171 B, the gains required for color balance correction 
can be calculated as folloWs. First the Weakest color is 
selected. In this example, R is Weakest, G is second Weakest, 
and B is strongest. Next, the second Weakest color (G) is 
reduced by a certain gain amount until the ratio of the tWo 
Weakest colors (R and G) is corrected. Thus, the gain for G 
can be calculated as folloWs: 

GAIN _ LNR _ 0.187 

G _ LTR _ 0.200 
a 0.935 

Where LNR is the red component of the normalized, uncor 
rected color balance ratio, and LTR is the red component of 
the target color balance ratio. The gain GAING is then used 
to calculate the gain for B that Will achieve the target color 
balance: 

0.171 20.547 
LTB 

GAINB = GAING >< — = 0.935 X 
LNB 

Where LNB is the blue component of the normaliZed, uncor 
rected color balance ratio, and LTB is the blue component of 
the target color balance ratio. The processing device 124 can 
noW make adjustments to the G and B color light sources 
according to the above calculated gains GAING and GAINB, 
respectively. Each component Lck (Where 7»=R, G, or B) of 
the corrected lumens ratio can be calculated as folloWs: 

The above-calculated values are then normaliZed once again 
for 0.70 G (recall that, in this example, the target color 
balance ratio is 0.20 R/0.70 G/0.30 B) giving a corrected 
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color balance ratio of 0.20 R/0.70 G/0.10 B. Thus, the color 
balance ratio can been corrected to the desired target ratio by 
adjusting the outputs of the green and blue light sources 102 
and 103 according to the above-calculated gain values 
GAING and GAINB, respectively. 

[0066] FIG. 7 shoWs a timing diagram illustrating a vari 
ant of the timing to apply the light to the sensor 119. As 
shoWn in the timing diagram, LEDs of red, green, and blue 
are sequentially turned on for a certain color time and then 
turned off according to respective signals R_EN, G_E, and 
B_EN. Instead of directing the light from these LEDs to the 
sensor 119 throughout a complete color time, the lightcan be 
directed just brie?y to it, for example at the end of a color 
time as shoWn by the sensing interval (square portion) 170 
of the off-state color pulses. In this case, the sensing interval 
170 can be relatively short compared to the color time, for 
example in a range of 10 us to 20 us, for example 20 us. The 
advantage of this is that the displayed image has almost no 
alteration. The sensing interval 170 can be a dedicated 
interval that alWays exists even if the LED calibration 
process is not being performed. Thus, the LED White point 
correction can be run real-time, for example over a span of 
10 seconds. This is desirable because any temperature drifts 
of the system, Which might impact LED brightness, can be 
corrected, and no look-up tables are needed to correct for 
brightness drifts With temperature. 

[0067] Blue-noise, or other modulation patterns, can still 
be used during the sensing interval 170. If a 100% density 
pattern is used, there is then no impact to the displayed 
image. If <l00% patterns are used, this Will mean that some 
light is directed to the display screen during the sensing 
interval 170, Which Will slightly affect the displayed image. 
HoWever, this is still much less of a disturbance to the 
displayed image than allocating an entire color time to 
collect sensor data. 

[0068] It should be noted that the above-described system 
controller 120 and method of detecting and correcting a shift 
in color balance can be used in conjunction With display 
systems other than display system 100. For example, FIG. 
8 shoWs an optical construction for an alternative spatial 
light modulation (SLM) display system 150. The display 
system 150 includes a ?rst light source 152 and a second 
light source 153. The display system 150 also includes, 
along an optical axis AX, an illumination optical system IL, 
a DMD 106, and a projection optical system PL for receiving 
light directed in a display direction (along the optical axis 
ON) and projecting the light onto a projection surface 107 
for display. The display system 150 also includes a sensor 
119 for sensing light directed in an non-display direction 
(along the optical axis OFF) by the DMD 106. The sensor 
119 outputs brightness signals to the system controller 120, 
and the light sources 152, 153 and the DMD 106 operate 
according to instructions received from the system controller 
120, as discussed above. 

[0069] Differences betWeen the alternative display device 
150 and the display device 100 include a difference in the 
number of light sources and a variation in the optics used for 
the relay lens unit RL. Speci?cally, the alternative display 
device 150 includes a ?rst light source 152 for emitting red 
or blue light (e.g., an array of light elements including red 
and blue light-emitting elements such as an R/B LED 
package) and a second light source 153 that can be con 
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trolled to emit green light. As a result, the ?ltering charac 
teristics of the ?lter element 155 alloWs for passing light in 
the red and blue color ranges, and re?ecting light in the 
green color range. Also, in the alternative display device 150 
the relay lens unit RL includes optical elements for changing 
a direction of the optical axis AX, for example through the 
use of prism and/or mirror elements according to knoWn 
techniques. Thus, it Will be appreciated that the system 
controller 120 used in conjunction With the alternative 
display device 150 is adapted to send control signals to tWo 
light sources rather than three. 

[0070] Still further embodiments can include display sys 
tems that utiliZe color-light emitting light sources, such as 
LEDs, and multiple spatial light modulators. For example, 
US. Pat. No. 6,587,159 to DeWald, the contents of Which are 
hereby incorporated by reference, discloses a projection 
system that includes three DMDs, Where each DMD can be 
used for modulating a respective primary color. In some 
embodiments, such a three-DMD arrangement can be used 
in combination With color-light emitting light sources, for 
example red, green, and blue LEDs. In multiple-spatial 
light-modulator embodiments, one or more sensors can be 
used for detecting and adjusting color balance. For example, 
three sensors can be used, one for each color of light. As 
another example, one sensor can be positioned such that it 
can receive light from multiple spatial light modulators, for 
example placed in a dump light path of a prism that three 
DMDs are mounted to. In some embodiments, light can be 
applied to each DMD all the time (DC operation of LEDs) 
during normal operation, for example such that red light is 
constantly applied to a ?rst DMD, blue light to a second 
DMD, and green light to a third DMD. In this case, the 
sensor Would sense all three colors. So, in this case the 
color-balance detection process can include cycling the 
LEDs off two at a time so that the sensorsees just one color 
at a time. Another option is to use a sensor in combination 
With R, G, and B miniature dichroic ?lters, such that 
separate R, G, and B sensors are essentially combined in one 
package. 

[0071] While various embodiments in accordance With the 
principles disclosed herein have been described above, it 
should be understood that they have been presented by Way 
of example only, and are not limiting. Thus, the breadth and 
scope of the invention(s) should not be limited by any of the 
above-described exemplary embodiments, but should be 
de?ned only in accordance With the claims and their equiva 
lents issuing from this disclosure. Furthermore, the above 
advantages and features are provided in described embodi 
ments, but shall not limit the application of such issued 
claims to processes and structures accomplishing any or all 
of the above advantages. 

[0072] Additionally, the section headings herein are pro 
vided for consistency With the suggestions under 37 CFR 
1.77 or otherWise to provide organiZational cues. These 
headings shall not limit or characteriZe the invention(s) set 
out in any claims that may issue from this disclosure. 
Speci?cally and by Way of example, although the headings 
refer to a “Technical Field,” such claims should not be 
limited by the language chosen under this heading to 
describe the so-called technical ?eld. Further, a description 
of a technology in the “Background” is not to be construed 
as an admission that technology is prior art to any inven 
tion(s) in this disclosure. Neither is the “Brief Summary” to 
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be considered as a characterization of the invention(s) set 
forth in issued claims. Furthermore, any reference in this 
disclosure to “invention” in the singular should not be used 
to argue that there is only a single point of novelty in this 
disclosure. Multiple inventions may be set forth according to 
the limitations of the multiple claims issuing from this 
disclosure, and such claims accordingly de?ne the inven 
tion(s), and their equivalents, that are protected thereby. In 
all instances, the scope of such claims shall be considered on 
their oWn merits in light of this disclosure, but should not be 
constrained by the headings set forth herein. 

What is claimed is: 
1. A display system comprising: 

a plurality of light sources; 

a spatial light modulator located to receive light from at 
least one of the plurality of light sources, the spatial 
light modulator including a plurality of independently 
controllable elements that can be controlled to direct 
received light in one of a ?rst direction for display and 
a second direction for non-display; 

a light sensor located to receive light directed in the 
second direction from elements of the spatial light 
modulator and issue a brightness signal indicative of 
the intensity of the received light; and 

a processing device for detecting a color balance ratio 
based at least in part on the brightness signal issued by 
the light sensor. 

2. A display system according to claim 1, further com 
prising an analog to digital converter for converting the 
brightness signal into digital brightness data and providing 
the digital brightness data to the processing device. 

3. A display system according to claim 1, further com 
prising a light source controller for controlling activation of 
the plurality of light sources according to instructional color 
data received from the processing device. 

4. A display system according to claim 1, Wherein the 
plurality of light sources comprises a ?rst LED array for 
emitting blue light, a second LED array for emitting green 
light, and a third LED array for emitting red light. 

5. A display system according to claim 1, Wherein the 
plurality of light sources comprises a ?rst LED array for 
emitting red and blue light and a second LED array for 
emitting green light. 

6. A display system according to claim 1, Wherein the 
plurality of light sources include a light source for emitting 
red light, a light source for emitting green light, and a light 
source for emitting blue light, Wherein the color balance 
ratio detected by the processing device is a ratio of red, 
green, and blue. 

7. A display system according to claim 1, a processing 
device determines Whether the detected color balance ratio 
is equal to a speci?ed color balance ratio. 

8. A display system according to claim 7, Wherein the 
processing device adjusts an output of at least one of the 
plurality of light sources if it is determined that the detected 
color balance ratio is not equal to the speci?ed color balance 
ratio. 

9. A display system according to claim 1, Wherein the 
spatial light modulator comprises a digital micromirror 
device. 

10. A display system according to claim 1, comprising a 
second spatial light modulator located to receive light from 
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another of the plurality of light sources, the second spatial 
light modulator including a plurality of independently con 
trollable elements that can be controlled to direct received 
light in one of a third direction for display and a fourth 
direction for non-display. 

11. A display system according to claim 10, Wherein the 
light sensor is located to also receive light directed in the 
fourth direction from the controllable elements of the second 
spatial light modulator. 

12. A display system according to claim 10, further 
comprising a second light sensor located to receive light 
directed in the fourth direction from the controllable ele 
ments of the second spatial light modulator. 

13. A display system comprising: 

a plurality of light sources; 

a spatial light modulator located to receive light from at 
least one of the light sources, the spatial light modulator 
including a plurality of independently controllable ele 
ments that can be controlled to direct light in one of a 
?rst direction for display and a second direction for 
non-display; 

a light sensor for receiving light directed from elements of 
the spatial light modulator and outputting a brightness 
signal based on the intensity of the received light; and 

a processing device for controlling the spatial light modu 
lator to modulate the light received from at least one of 
the light sources so that the brightness signal output 
from the light sensor is Within a speci?ed range of 
values. 

14. A display system according to claim 13, Wherein the 
light sensor is located to receive light directed in the second 
direction from elements of the spatial light modulator. 

15. A display system according to claim 13, Wherein the 
processing device controls the spatial light modulator to 
modulate the light according to a blue-noise pattern. 

16. A display system according to claim 13, Wherein the 
processing device determines Whether the brightness signal 
is Within the speci?ed range of values, and changes a 
modulation pattern used by the spatial light modulator to 
modulate the light if the brightness signal is not Within the 
speci?ed range of values. 

17. A display system according to claim 13, Wherein the 
processing device controls the spatial light modulator to 
modulate the light so that the brightness signal output from 
the light sensor is a particular value Within the speci?ed 
range of values. 

18. A method of controlling color balance comprising: 

controlling a spatial light modulator to direct light from a 
light source in an off-state direction for non-display; 

sensing an intensity of light directed in the off-state 
direction from elements of the spatial light modulator; 
and 

detecting a color balance ratio based at least in part on the 
sensed intensity. 

19. A method according to claim 18, further comprising 
converting the brightness signal into digital brightness data 
and providing the digital brightness data to a processing 
device. 

20. A method according to claim 18, Wherein the light 
source is one of a plurality of light sources, Wherein the 
plurality of light sources comprise a light source for emitting 
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red light, a light source for emitting green light, and a light 
source for emitting blue light, Wherein the detecting of the 
color balance ratio includes detecting a ratio of red, green, 
and blue. 

21. A method according to claim 18, further comprising 
determining Whether the detected color balance ratio is equal 
to a speci?ed color balance ratio. 

22. A method according to claim 21, Wherein the light 
source is one of a plurality of light sources, further com 
prising adjusting an output of at least one of the plurality of 
light sources if it is determined that the detected color 
balance ratio is not equal to the speci?ed color balance ratio. 

23. A method of controlling color balance comprising: 

controlling a spatial light modulator to direct light from a 
light source in at least one of an on-state direction for 
display and an off-state direction for non-display; 

sensing an intensity of light directed from the spatial light 
modulator; 

outputting a brightness signal based on the sensed inten 
sity of the light; and 

controlling the spatial light modulator to modulate the 
light directed in at least one of the on-state direction 
and the off-state direction so that the brightness signal 
is Within a speci?ed range of values. 

24. A method according to claim 23, Wherein, in the 
sensing of the intensity of light, said light is directed from 
the spatial light modulator in the off-state direction. 

25. A method according to claim 23, Wherein the control 
ling of the spatial light modulator to modulate the light 
includes controlling the spatial light modulator to modulate 
the light according to a blue-noise pattern. 

26. A method according to claim 23, further comprising 
determining Whether the brightness signal is Within the 
speci?ed range of values, and changing a modulation pattern 
used by the spatial light modulator to modulate the light if 
the brightness signal is not Within the speci?ed range of 
values. 

27. A method according to claim 23, further comprising 
controlling the spatial light modulator to modulate the light 
so that the brightness signal is a particular value Within the 
speci?ed range of values. 

28. A method of controlling color balance comprising: 

(a) controlling a spatial light modulator to direct light 
from a ?rst light source of a ?rst color in an off-state 
direction and to direct light from a second light source 
of a second color in an on-state direction; 

(b) sensing a ?rst intensity level of the light from the ?rst 
light source directed in the off-state direction; 

(c) controlling the spatial light modulator to direct light 
from the second light source in the off-state direction 
and to direct light from the ?rst light source in the 
on-state direction; 

(d) sensing a second intensity level of light from the 
second light source directed in the off-state direction; 

(e) determining an intensity ratio based at least in part on 
the thus sensed ?rst and second sensed intensity levels; 
and 
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(f) adjusting control of the ?rst and second light sources 
as needed according to the thus determined intensity 
ratio to attain a speci?ed color balance. 

29. A method according to claim 28, further comprising: 

(g) detecting Whether at least one of the ?rst and second 
intensity levels is out of a speci?ed range; and 

(h) if the ?rst intensity level is detected to be out of range, 
performing steps of: 

(hl) controlling the spatial light modulator to direct 
only a portion of light from the ?rst light source in 
the off-state direction according to a speci?ed cali 
bration pattern and to direct light from the second 
light source of a second color in an on-state direc 
tion, and 

(h2) sensing a third intensity level of the portion of the 
light from the ?rst light source directed in the 
off-state direction; and 

(i) if the second intensity level is detected to be out of 
range, performing steps of: 

(i1) controlling the spatial light modulator to direct 
only a portion of light from the second light source 
in the off-state direction according to the speci?ed 
calibration pattern and to direct light from the ?rst 
light source in an on-state direction, and 

(i2) sensing a fourth intensity level of the portion of the 
light from the ?rst light source directed in the 
off-state direction. 

30. A method according to claim 28, Wherein: 

step (a) includes controlling the spatial light modulator to 
direct light from a third light source of a third color in 
the on-state direction, and 

step (c) includes controlling the spatial light modulator to 
direct light from a third light source of a third color in 
the on-state direction; 

further comprising: 

(j) controlling the spatial light modulator to direct light 
from the third light source in the off-state direction and 
to direct light from the ?rst and second light sources in 
the on-state direction, and 

(k) sensing a third intensity level of the light from the 
third light source directed in the off-state direction; 

Wherein: 

step (e) includes determining said intensity ratio based at 
least in part on the thus sensed ?rst, second, and third 
sensed intensity levels, and 

step (f) includes adjusting control of the third light source 
as needed according to the thus determined intensity 
ratio to attain a speci?ed color balance. 


