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METHODS AND SYSTEMS FOR SUB-PIXEL
RENDERING WITH GAMMA ADJUSTMENT

RELATED APPLICATIONS

This application is a divisional of and claims priority to
U.S. patent application Ser. No. 10/150,355, filed on May 17,
2002 and entitled “METHODS AND SYSTEMS FOR SUB-
PIXEL RENDERING WITH GAMMA ADJUSTMENT,”
which published as U.S. Patent Application Publication No.
2003/0103058, and is now issued as U.S. Pat. No. 7,221,381.
U.S. patent application Ser. No. 10/150,355 is a continuation-
in-part and claims priority to U.S. patent application Ser. No.
10/051,612, entitled “CONVERSION OF A SUB-PIXEL
FORMAT DATA TO ANOTHER SUB-PIXEL DATA FOR-
MAT,” filed on Jan. 16, 2002, published as U.S. Patent Pub-
lication No. 2003/0034992 (hereafter referred to as “the 992
application’) and now issued as U.S. Pat. No. 7,123,277 B2.
U.S. patent application Ser. No. 10/150,355 also claims pri-
ority to U.S. Provisional Patent Application No. 60/311,138,
entitled “IMPROVED GAMMA TABLES,” filed on Aug. 8,
2001; U.S. Provisional Patent Application No. 60/312,955,
entitled “CLOCKING BLACK PIXELS FOR EDGES,” filed
on Aug. 15, 2001; U.S. Provisional Application No. 60/312,
946, entitled “HARDWARE RENDERING FOR PENTILE
STRUCTURES;,” filed on Aug. 15, 2001; U.S. Provisional
Application No. 60/314,622, entitled “SHARPENING SUB-
PIXEL FILTER,” filed on Aug. 23, 2001; and U.S. Provi-
sional Patent Application No. 60/318,129, entitled “HIGH
SPEED MATHEMATICAL FUNCTION EVALUATOR,”
filed on Sep. 7, 2001, which are all hereby expressly incor-
porated herein by reference. U.S. patent application Ser. No.
10/051,612 claims priority to U.S. Provisional Patent Appli-
cation No. 60/290,086, entitled “CONVERSION OF RGB
PIXEL FORMAT DATA TO PENTILE MATRIX SUB-
PIXEL DATA FORMAT,” filed on May 9, 2001; U.S. Provi-
sional Patent Application No. 60/290,087, entitled “CALCU-
LATING FILTER KERNEL VALUES FOR DIFFERENT
SCALED MODES;” filed on May 9, 2001; U.S. Provisional
Patent Application No. 60/290,143, entitled “SCALING
SUB-PIXEL RENDERING ON PENTILE MATRIX,” filed
on May 9, 2001; and U.S. Provisional Patent Application No.
60/313,054, entitled “RGB STRIPE SUB-PIXEL RENDER-
ING DETECTION,” filed on Aug. 16, 2001, which are all
hereby expressly incorporated herein by reference. U.S.
Patent Application Publication Nos. 2003/0103058 and 2003/
0034992 are also hereby expressly incorporated herein by
reference.

FIELD OF THE INVENTION

The present invention relates generally to the field of dis-
plays, and, more particularly, to methods and systems for
sub-pixel rendering with gamma adjustment for displays.

BACKGROUND

The present state of the art of color single plane imaging
matrix, for flat panel displays, use the RGB color triad or a
single color in a vertical stripe as shown in prior art FIG. 1.
The system takes advantage of the Von Bezold color blending
effect (explained further herein) by separating the three colors
and placing equal spatial frequency weight on each color.
However, these panels are a poor match to human vision.

Graphic rendering techniques have been developed to
improve the image quality of prior art panels. Benzschawel, et
al. in U.S. Pat. No. 5,341,153 teach how to reduce an image of
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50
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2

a larger size down to a smaller panel. In so doing, Ben-
zschawel, et al. teach how to improve the image quality using
a technique now known in the art as “sub-pixel rendering”.
More recently, Hill, et al. in U.S. Pat. No. 6,188,385 teach
how to improve text quality by reducing a virtual image of
text, one character at a time, using the very same sub-pixel
rendering technique.

The above prior art pay inadequate attention to how human
vision operates. The prior art’s reconstruction of the image by
the display device is poorly matched to human vision.

The dominant model used in sampling, or generating, and
then storing the image for these displays is the RGB pixel (or
three-color pixel element), in which the red, green and blue
values are on an orthogonal equal spatial resolution grid and
are co-incident. One of the consequences of using this image
format is that it is a poor match both to the real image recon-
struction panel, with its spaced apart, non-coincident, color
emitters, and to human vision. This effectively results in
redundant, or wasted information in the image.

Martinez-Uriegas, et al. in U.S. Pat. No. 5,398,066 and
Peters, et al. in U.S. Pat. No. 5,541,653 teach a technique to
convert and store images from RGB pixel format to a format
that is very much like that taught by Bayer in U.S. Pat. No.
3,971,065 for a color filter array for imaging devices for
cameras. The advantage of the Martinez-Uriegas, et al. format
is that it both captures and stores the individual color compo-
nent data with similar spatial sampling frequencies as human
vision. However, a first disadvantage is that the Martinez-
Uriegas, et al. format is not a good match for practical color
display panels. For this reason, Martinez-Uriegas, et al. also
teach how to convert the image back into RGB pixel format.
Another disadvantage of the Martinez-Uriegas, et al. format
is that one of the color components, in this case the red, is not
regularly sampled. There are missing samples in the array,
reducing the accuracy of the construction of the image when
displayed.

Full color perception is produced in the eye by three-color
receptor nerve cell types called cones. The three types are
sensitive to different wage lengths of light: long, medium, and
short (“red”, “green”, and “blue”, respectively). The relative
density of the three wavelengths differs significantly from
one another. There are slightly more red receptors than green
receptors. There are very few blue receptors compared to red
or green receptors. In addition to the color receptors, there are
relative wavelength insensitive receptors called rods that con-
tribute to monochrome night vision.

The human vision system processes the information
detected by the eye in several perceptual channels: lumi-
nance, chrominance, and motion. Motion is only important
for flicker threshold to the imaging system designer. The
luminance channel takes the input from only the red and green
receptors. It is “color blind.” It processes the information in
such a manner that the contrast of edges is enhanced. The
chrominance channel does not have edge contrast enhance-
ment. Since the luminance channel uses and enhances every
red and green receptor, the resolution of the luminance chan-
nel is several times higher than the chrominance channel. The
blue receptor contribution to luminance perception is negli-
gible. Thus, the error introduced by lowering the blue reso-
lution by one octave will be barely noticeable by the most
perceptive viewer, if at all, as experiments at Xerox and
NASA, Ames Research Center (R. Martin, J. Gille, J.
Marimer, Detectability of Reduced Blue Pixel Count in Pro-
jection Displays, SID Digest 1993) have demonstrated.

Color perception is influenced by a process called “assimi-
lation” or the Von Bezold color blending effect. This is what
allows separate color pixels (or sub-pixels or emitters) of a
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display to be perceived as the mixed color. This blending
effect happens over a given angular distance in the field of
view. Because of the relatively scarce blue receptors, this
blending happens over a greater angle for blue than for red or
green. This distance is approximately 0.25° for blue, while for
red or green it is approximately 0.12°. At a viewing distance
of twelve inches, 0.25° subtends 50 mils (1,270u) on a dis-
play. Thus, if the blue sub-pixel pitch is less than half (625p)
of this blending pitch, the colors will blend without loss of
picture quality.

Sub-pixel rendering, in its most simplistic implementation,
operates by using the sub-pixels as approximately equal
brightness pixels perceived by the luminance channel. This
allows the sub-pixels to serve as sampled image reconstruc-
tion points as opposed to using the combined sub-pixels as
part of a ‘true’ pixel. By using sub-pixel rendering, the spatial
sampling is increased, reducing the phase error.

If the color of the image were to be ignored, then each
sub-pixel may serve as a though it were a monochrome pixel,
each equal. However, as color is nearly always important (and
why else would one use a color display?), then color balance
of a given image is important at each location. Thus, the
sub-pixel rendering algorithm must maintain color balance
by ensuring that high spatial frequency information in the
luminance component of the image to be rendered does not
alias with the color sub-pixels to introduce color errors. The
approaches taken by Benzchawel, et al. in U.S. Pat. No.
5,341,153, and Hill, et al. in U.S. Pat. No. 6,188,385, are
similar to a common anti-aliasing technique that applies dis-
placed decimation filters to each separate color component of
a higher resolution virtual image. This ensures that the lumi-
nance information does not alias within each color channel.

If the arrangement of the sub-pixels were optimal for sub-
pixel rendering, sub-pixel rendering would provide an
increase in both spatial addressability to lower phase error
and in Modulation Transfer Function (MTF) high spatial
frequency resolution in both axes.

Examining the conventional RGB stripe display in FIG. 1,
sub-pixel rendering will only be applicable in the horizontal
axis. The blue sub-pixel is not perceived by the human lumi-
nance channel, and is therefore, not effective in sub-pixel
rendering. Since only the red and green pixels are useful in
sub-pixel rendering, the effective increase in addressability
would be two-fold, in the horizontal axis. Vertical black and
white lines must have the two dominant sub-pixels (i.e., red
and green per each black or white line) in each row. This is the
same number as is used in non-sub-pixel rendered images.
The MTF, which is the ability to simultaneously display a
given number of lines and spaces, is not enhanced by sub-
pixel rendering. Thus, the conventional RGB stripe sub-pixel
arrangement, as shown in FIG. 1, is not optimal for sub-pixel
rendering.

The prior art arrangements of three-color pixel elements
are shown to be both a poor match to human vision and to the
generalized technique of sub-pixel rendering. Likewise, the
prior art image formats and conversion methods are a poor
match to both human vision and practicable color emitter
arrangements.

Another complexity for sub-pixel rendering is handling the
non-linear response (e.g., a gamma curve) of brightness or
luminance for the human eye and display devices such as a
cathode ray tube (CRT) device or a liquid crystal display
(LCD). Compensating gamma for sub-pixel rendering, how-
ever, is not a trivial process. That is, it can be problematic to
provide the high contrast and right color balance for sub-pixel
rendered images. Furthermore, prior art sub-pixel rendering
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systems do not adequately provide precise control of gamma
to provide high quality images.

SUMMARY

A method is disclosed for processing data to a display. The
display includes pixels having color sub-pixels. Pixel data is
received and gamma adjustment is applied to a conversion
from the pixel data to sub-pixel rendered data. The conversion
generates the sub-pixel rendered data for a sub-pixel arrange-
ment. The sub-pixel arrangement includes alternating red and
green sub-pixels on at least one of a horizontal and vertical
axis. The sub-pixel rendered data is outputted to the display.

A system is disclosed having a display with a plurality of
pixels. The pixels can have a sub-pixel arrangement including
alternating red and green sub-pixels in at least one of a hori-
zontal axis and vertical axis. The system also includes a
controller coupled to the display and processes pixel data. The
controller also applies a gamma adjustment to a conversion
from the pixel data to sub-pixel rendered data. The conversion
can generate the sub-pixel rendered data for the sub-pixel
arrangement. The controller outputs the sub-pixel rendered
data on the display.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate the inven-
tion and, together with the description, serve to explain the
principles of the invention. In the figures,

FIG. 1 illustrates a prior art RGB stripe arrangement of
three-color pixel elements in an array, a single plane, for a
display device;

FIG. 2 illustrates the effective sub-pixel rendering sam-
pling points for the prior art RGB stripe arrangement of FIG.

FIGS. 3, 4, and 5 illustrate the effective sub-pixel rendering
sampling area for each color plane of the sampling points for
the prior art RGB stripe arrangement of FIG. 1;

FIG. 6 illustrates an arrangement of three-color pixel ele-
ments in an array, in a single plane, for a display device;

FIG. 7 illustrates the effective sub-pixel rendering sam-
pling points for the arrangements of FIGS. 6 and 27;

FIGS. 8 and 9 illustrate alternative effective sub-pixel ren-
dering sampling areas for the blue color plane sampling
points for the arrangements of FIGS. 6 and 27,

FIG. 10 illustrates another arrangement of three-color pixel
elements in an array, in a single plane, for a display device;

FIG. 11 illustrates the effective sub-pixel rendering sam-
pling points for the arrangement of FIG. 10;

FIG. 12 illustrates the effective sub-pixel rendering sam-
pling areas for the blue color plane sampling points for the
arrangement of FIG. 10;

FIGS. 13 and 14 illustrate the effective sub-pixel rendering
sampling areas for the red and green color planes for the
arrangements for both FIGS. 6 and 10;

FIG. 15 illustrates an array of sample points and their
effective sample areas for a prior art pixel data format, in
which the red, green, and blue values are on an equal spatial
resolution grid and co-incident;

FIG. 16 illustrates the array of sample points of prior art
FIG. 15 overlaid on the sub-pixel rendered sample points of
FIG. 11, in which the sample points of FIG. 15 are on the same
spatial resolution grid and co-incident with the red and green
“checker board” array of FIG. 11;

FIG. 17 illustrates the array of sample points and their
effective sample areas of prior art FIG. 15 overlaid on the blue
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color plane sampling areas of FIG. 12, in which the sample
points of prior art FIG. 15 are on the same spatial resolution
grid and co-incident with the red and green “checker board”
array of FIG. 11;

FIG. 18 illustrates the array of sample points and their
effective sample areas of prior art FIG. 15 overlaid on the red
color plane sampling areas of FIG. 13, in which the sample
points of prior art FIG. 15 are on the same spatial resolution
grid and co-incident with the red and green “checker board”
array of FIG. 11;

FIGS. 19 and 20 illustrate the array of sample points and
their effective sample areas of prior art FIG. 15 overlaid on the
blue color plane sampling areas of FIGS. 8 and 9, in which the
sample points of prior art FIG. 15 are on the same spatial
resolution grid and co-incident with the red and green
“checker board” array of FIG. 7;

FIG. 21 illustrates an array of sample points and their
effective sample areas for a prior art pixel data format in
which the red, green, and blue values are on an equal spatial
resolution grid and co-incident;

FIG. 22 illustrates the array of sample points and their
effective sample areas of prior art FIG. 21 overlaid on the red
color plane sampling areas of FIG. 13, in which the sample
points of FIG. 21 are not on the same spatial resolution grid
and co-incident with the red and green “checker board” array
of FIG. 11;

FIG. 23 illustrates the array of sample points and their
effective sample areas of prior art FIG. 21 overlaid on the blue
color plane sampling areas of FIG. 12, in which the sample
points of prior art FIG. 21 are not on the same spatial resolu-
tion grid nor co-incident with the red and green “checker
board” array of FIG. 11;

FIG. 24 illustrates the array of sample points and their
effective sample areas of prior art FIG. 21 overlaid on the blue
color plane sampling areas of FIG. 8, in which the sample
points of prior art FIG. 21 are not on the same spatial resolu-
tion grid nor co-incident with the red and green “checker
board” array of FIG. 7;

FIG. 25 illustrates the effective sample area of the red color
plane of FIG. 3 overlaid on the red color plane sampling areas
of FIG. 13;

FIG. 26 illustrates the effective sample areas of the blue
color plane of FIG. 5 overlaid on the blue color plane sam-
pling areas of FIG. 8;

FIG. 27 illustrates another arrangement of three-color pixel
elements in an array, in three panels, for a display device;

FIGS. 28, 29, and 30 illustrate the arrangements of the blue,
green, and red emitters on each separate panel for the device
of FIG. 27,

FIG. 31 illustrates the output sample arrangement 200 of
FIG. 11 overlaid on top of the input sample arrangement 70 of
FIG. 15 in the special case when the scaling ratio is one input
pixel for each two, a red and a green, output sub pixels across;

FIG. 32 illustrates a single repeat cell 202 of converting a
650x480 VGA format image to a PenTile matrix with 800x
600 total red and green sub pixels;

FIG. 33 illustrates the symmetry in the coefficients of a
three-color pixel element in a case where the repeat cell size
is odd;

FIG. 34 illustrates an example of a case where the repeat
cell size is even,

FIG. 35 illustrates sub-pixel 218 from FIG. 33 bounded by
arendering area 246 that overlaps six of the surrounding input
pixel sample areas 248;

FIG. 36 illustrates sub-pixel 232 from FIG. 33 with its
rendering area 250 overlapping five sample areas 252;
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FIG. 37 illustrates sub-pixel 234 from FIG. 33 with its
rendering area 254 overlapping sample areas 256;

FIG. 38 illustrates sub-pixel 228 from FIG. 33 with its
rendering area 258 overlapping sample areas 260;

FIG. 39 illustrates sub-pixel 236 from FIG. 33 with its
rendering area 262 overlapping sample areas 264;

FIG. 40 illustrates the square sampling areas used for gen-
erating blue filter kernels;

FIG. 41 illustrates the hexagonal sampling areas 123 of
FIG. 8 in relationship to the square sampling areas 276;

FIG. 42A illustrates exemplary implied sample areas with
a resample area for a red or green sub-pixel of FIG. 18, and
FIG. 42B illustrates an exemplary arrangement of three-color
sub-pixels on a display device;

FIG. 43 illustrates an exemplary input sine wave;

FIG. 44 illustrates an exemplary graph of the output when
the input image of FIG. 43 is subjected to sub-pixel rendering
without gamma adjustment;

FIG. 45 illustrates an exemplary display function graph to
depict color error that can occur using sub-pixel rendering
without gamma adjustment;

FIG. 46 illustrates a flow diagram of a method for applying
a precondition-gamma prior to sub-pixel rendering;

FIG. 47 illustrates an exemplary graph of the output when
the input image of FIG. 43 is subjected to gamma-adjusted
sub-pixel rendering;

FIG. 48 illustrates a diagram for calculating local averages
for the implied sample areas of FIG. 42A;

FIG. 49 illustrates a flow diagram of a method for gamma-
adjusted sub-pixel rendering;

FIG. 50 illustrates an exemplary graph of the output when
input image of FIG. 43 is subjected to gamma-adjusted sub-
pixel rendering with an omega function;

FIG. 51 illustrates a flow diagram of a method for gamma-
adjusted sub-pixel rendering with the omega function;

FIGS. 52A and 52B illustrate an exemplary system to
implement the method of FIG. 46 of applying a precondition-
gamma prior to sub-pixel rendering;

FIGS. 53 A and 53B illustrate exemplary system to imple-
ment the method of FIG. 49 for gamma-adjusted rendering;

FIGS. 54 A and 54B illustrate exemplary system to imple-
ment the method of FIG. 51 for gamma-adjusted sub-pixel
rendering with an omega function;

FIGS. 55, 56, 57, 58, 59 and 60 illustrate exemplary cir-
cuitry that can be used by the processing blocks of FIGS. 52A,
53A, and 54A,

FIG. 61 illustrates a flow diagram of a method for clocking
in black pixels for edges during sub-pixel rendering;

FIGS. 62, 63, 64, 65 and 66 illustrate exemplary block
diagrams of systems to improve color resolution for images
on a display;

FIGS. 67, 68, 69 and 70 illustrate exemplary embodiments
of'a function evaluator to perform mathematical calculations
at high speeds;

FIG. 71 illustrates a flow diagram of a process to imple-
ment the sub-rendering with gamma adjustment methods in
software; and

FIG. 72 illustrates an internal block diagram of an exem-
plary computer system for implementing methods of FIGS.
46, 49, and 51 and/or the software process of FIG. 71.

DETAILED DESCRIPTION

Reference will now be made in detail to implementations
and embodiments as illustrated in the accompanying draw-
ings. Wherever possible, the same reference numbers will be
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used throughout the drawings and the following description
to refer to the same or like parts.

A real world image is captured and stored in a memory
device. The image that is stored was created with some known
data arrangement. The stored image can be rendered onto a
display device using an array that provides an improved reso-
lution of color displays. The array is comprised of a plurality
ofthree-color pixel elements having at least a blue emitter (or
sub-pixel), a red emitter, and a green emitter, which when
illuminated can blend to create all other colors to the human
eye.

To determine the values for each emitter, first one must
create transform equations that take the form of filter kernels.
The filter kernels are generated by determining the relative
area overlaps of both the original data set sample areas and
target display sample areas. The ratio of overlap determines
the coefficient values to be used in the filter kernel array.

To render the stored image onto the display device, the
reconstruction points are determined in each three-color pixel
element. The center of each reconstruction point will also be
the source of sample points used to reconstruct the stored
image. Similarly, the sample points of the image data set is
determined. Each reconstruction point is located at the center
ofthe emitters (e.g., in the center of a red emitter). In placing
the reconstruction points in the center of the emitter, a grid of
boundary lines is formed equidistant from the centers of the
reconstruction points, creating sample areas (in which the
sample points are at the center). The grid that is formed
creates a tiling pattern. The shapes that can be utilized in the
tiling pattern can include, but is not limited to, squares, stag-
gered rectangles, triangles, hexagons, octagons, diamonds,
staggered squares, staggered rectangles, staggered triangles,
staggered diamonds, Penrose tiles, rhombuses, distorted
rhombuses, and the line, and combinations comprising at
lease one of the foregoing shapes.

The sample points and sample areas for both the image data
and the target display having been determined, the two are
overlaid. The overlay creates sub-areas wherein the output
sample areas overlap several input sample areas. The area
ratios of input to output is determined by either inspection or
calculation and stored as coefficients in filter kernels, the
value of which is used to weight the input value to output
value to determine the proper value for each emitter.

When sufficiently high scaling ratio is used, the sub-pixel
arrangement and rendering method disclosed herein provides
better image quality, measured in information addressability
and reconstructed image modulation transfer function
(MTF), than prior art displays.

Additionally, methods and systems are disclosed for sub-
pixel rendering with gamma adjustment. Data can be pro-
cessed for a display having pixels with color sub-pixels. In
particular, pixel data can be received and gamma adjustment
can be applied to a conversion from the received pixel data to
sub-pixel rendered data. The conversion can generate the
sub-pixel rendered data for a sub-pixel arrangement. The
sub-pixel arrangement can include alternating red and green
sub-pixels on at least one of a horizontal and vertical axis or
any other arrangement. The sub-pixel rendered data can be
outputted to the display.

Because the human eye cannot distinguish between abso-
lute brightness or luminance values, improving luminance
contrast is desired, especially at high spatial frequencies, to
obtain higher quality images. As will be detailed below, by
adding gamma adjustment into sub-pixel rendering, the lumi-
nance or brightness contrast ratio can be improved for a
sub-pixel arrangement on a display. Thus, by improving such
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a contrast ratio, higher quality images can be obtained. The
gamma adjustment can be precisely controlled for a given
sub-pixel arrangement.

FIG. 1 illustrates a prior art RGB stripe arrangement of
three-color pixel elements in an array, a single plane, for a
display device and FIG. 2 illustrates the effective sub-pixel
rendering sampling points for the prior art RGB stripe
arrangement of FIG. 1. FIGS. 3, 4, and 5 illustrate the effec-
tive sub-pixel rendering sampling area for each color plane of
the sampling points for the prior art RGB stripe arrangement
of FIG. 1. FIGS. 1-5 will be discussed further herein.

FIG. 6 illustrates an arrangement 20 of several three-color
pixel elements according to one embodiment. The three-color
pixel element 21 is square-shaped and disposed at the origin
ofan X, Y coordinate system and comprises a blue emitter 22,
two red emitters 24, and two green emitters 26. The blue
emitter 22 is disposed at the center, vertically along the X
axis, of the coordinate system extending into the first, second,
third, and fourth quadrants. The red emitters 24 are disposed
in the second and fourth quadrants, not occupied by the blue
emitter. The green emitters 26 are disposed in the first and
third quadrants, not occupied by the blue emitter. The blue
emitter 22 is rectangular-shaped, having sides aligned along
the X and Y axes of the coordinate system, and the opposing
pairs of red 24 and green 26 emitters are generally square-
shaped.

The array is repeated across a panel to complete a device
with a desired matrix resolution. The repeating three-color
pixel elements form a “checker board” of alternating red 24
and green 26 emitters with blue emitters 22 distributed evenly
across the device, but at half the resolution of the red 24 and
green 26 emitters. Every other column of blue emitters is
staggered, or shifted by half of its length, as represented by
emitter 28. To accommodate this and because of edge effects,
some of the blue emitters are half-sized blue emitters 28 at the
edges.

FIG. 7 illustrates an arrangement 29 of the effective sub-
pixel rendering sampling points for the arrangements of
FIGS. 6 and 27, while FIGS. 8 and 9 illustrate arrangements
30, 31 of alternative effective sub-pixel rendering sampling
areas 123, 124 for the blue color plane sampling points 23 for
the arrangements of FIGS. 6 and 27. FIGS. 7, 8, and 9 will be
discussed further herein.

FIG. 10 illustrates an alternative illustrative embodiment of
an arrangement 38 of three-color pixel elements 39. The
three-color pixel element 39 consists of a blue emitter 32, two
red emitters 34, and two green emitters 36 in a square. The
three-color pixel element 39 is square shaped and is centered
atthe origin of an X, Y coordinate system. The blue emitter 32
is centered at the origin of the square and extends into the first,
second, third, and fourth quadrants of the X, Y coordinate
system. A pair of red emitters 34 are disposed in opposing
quadrants (i.e., the second and the fourth quadrants), and a
pair of green emitters 36 are disposed in opposing quadrants
(i.e., the first and the third quadrants), occupying the portions
of the quadrants not occupied by the blue emitter 32. As
shown in FIG. 10, the blue emitter 32 is diamond shaped,
having corners aligned at the X and Y axes of the coordinate
system, and the opposing pairs of red 34 and green 36 emitters
are generally square shaped, having truncated inwardly-fac-
ing corners forming edges parallel to the sides of the blue
emitter 32.

The array is repeated across a panel to complete a device
with a desired matrix resolution. The repeating three-color
pixel form a “checker board” of alternating red 34 and green
36 emitters with blue emitters 32 distributed evenly across the
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device, but at half the resolution of the red 34 and green 36
emitters. Red emitters 34a and 345 will be discussed further
herein.

One advantage of the three-color pixel element array is an
improved resolution of color displays. This occurs since only
the red and green emitters contribute significantly to the per-
ception of high resolution in the luminance channel. Thus,
reducing the number of blue emitters and replacing some with
red and green emitters improves resolution by more closely
matching to human vision.

Dividing the red and green emitters in half in the vertical
axis to increase spatial addressability is an improvement over
the conventional vertical signal color stripe of the prior art. An
alternating “checker board” of red and green emitters allows
high spatial frequency resolution, to increase in both the
horizontal and the vertical axes.

In order to reconstruct the image of the first data format
onto the display of the second data format, sample areas need
to be defined by isolating reconstruction points in the geo-
metric center of each emitter and creating a sampling grid.
FIG. 11 illustrates an arrangement 40 of the effective recon-
struction points for the arrangement 38 of three-color pixel
elements of FIG. 10. The reconstruction points (e.g., 33, 35,
and 37 of FIG. 11) are centered over the geometric locations
of the emitters (e.g., 32, 35, and 36 of FIG. 10, respectively)
in the three-color pixel element 39. The red reconstruction
points 35 and the green reconstruction points 37 form a red
and green “checker board” array across the display. The blue
reconstruction points 33 are distributed evenly across the
device, but at half the resolution of the red 35 and green 37
reconstruction points. For sub-pixel rendering, three-color
reconstruction points are treated as sampling points and are
used to construct the effective sampling area for each color
plane, which are treated separately. FIG. 12 illustrates the
effective blue sampling points 46 (corresponding to blue
reconstruction point 33 of FIG. 11) and sampling areas 44 for
the blue color plane 42 for the reconstruction array of FIG. 11.
For a square grid of reconstruction points, the minimum
boundary perimeter is a square grid.

FIG. 13 illustrates the effective red sampling points 51 that
correspond to the red reconstruction points 35 of FIG. 11 and
to the red reconstruction points 25 of FIG. 7, and the effective
sampling areas 50, 52, 53, and 54 for the red color plane 48.
The sampling points 51 form a square grid array at 45° to the
display boundary. Thus, within the central array of the sam-
pling grid, the sampling areas form a square grid. Because of
‘edge effects’ where the square grid would overlap the bound-
ary of the display, the shapes are adjusted to keep the same
area and minimize the boundary perimeter of each sample
(e.g., 54). Inspection of the sample areas will reveal that
sample areas 50 have the same area as sample areas 52,
however, sample areas 54 has slightly greater area, while
sample areas 53 in the corners have slightly less. This does
introduce an error, in that the varying data within the sample
areas 53 will be over represented while varying data in sample
areas 54 will be under represented. However, in a display of
hundreds of thousands to millions of emitters, the error will
be minimal and lost in the corners of the image.

FIG. 14 illustrates the effective green sampling points 57
that correspond to the green reconstruction points 37 of FIG.
11 and to the green reconstruction points 27 of FIG. 7, and the
effective sampling areas 55, 56, 58, and 59 for the green color
plane 60. Inspection of FIG. 14 will reveal it is essential
similar to FIG. 13, it has the same sample area relationships,
but is rotated by 180°.

These arrangements of emitters and their resulting sample
points and areas would best be used by graphics software
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directly to generate high quality images, converting graphics
primitives or vectors to offset color sample planes, combining
prior art sampling techniques with the sampling points and
areas. Complete graphics display systems, such as portable
electronics, laptop and desktop computers, and television/
video systems, would benefit from using flat panel displays
and these data formats. The types of displays utilized can
include, but is not limited to, liquid crystal displays, subtrac-
tive displays, plasma panel displays, electro-luminescence
(EL) displays, electrophoretic displays, field emitter displays,
discrete light emitting diode displays, organic light emitting
diodes (OLEDs) displays, projectors, cathode ray tube (CRT)
displays, and the like, and combinations comprising at least
one of the foregoing displays. However, much of the installed
base of graphics and graphics software uses a legacy data
sample format originally based on the use of CRTs as the
reconstruction display.

FIG. 15 illustrates an array of sample points 74 and their
effective sample areas 72 for a prior art pixel data format 70 in
which the red, green, and blue values are on an equal spatial
resolution grid and co-incident. In prior art display systems,
this form of data was reconstructed on a flat panel display by
simply using the data from each color plane on a prior art
RGB stripe panel of the type shown in FIG. 1. In FIG. 1, the
resolution of each color sub-pixel was the same as the sample
points, treating three sub-pixels in a row as though they con-
stituted a single combined and intermingled multi-color pixel
while ignoring the actual reconstruction point positions of
each color sub-pixel. In the art, this is often referred to as the
“Native Mode” of the display. This wastes the positional
information of the sub-pixels, especially the red and green.

In contrast, the incoming RGB data of the present applica-
tion is treated as three planes overlaying each other. To con-
vert the data from the RGB format, each plane is treated
separately. Displaying information from the original prior art
format on the more efficient sub-pixel arrangements of the
present application requires a conversion of the data format
via resampling. The data is resampled in such a fashion that
the output of each sample point is a weighting function of the
input data. Depending on the spatial frequency of the respec-
tive data samples, the weighting function may be the same, or
different, at each output sample point, as will be described
below.

FIG. 16 illustrates the arrangement 76 of sample points of
FIG. 15 overlaid on the sub-pixel rendered sample points 33,
35, and 37 of FIG. 11, in which the sample points 74 of FIG.
15 are on the same spatial resolution grid and co-incident with
the red (red reconstruction points 35) and green (green recon-
struction points 37) “checker board” array of FIG. 11.

FIG. 17 illustrates the arrangement 78 of sample points 74
and their effective sample areas 72 of FIG. 15 overlaid on the
blue color plane sampling points 46 of FIG. 12, in which the
sample points 74 of FIG. 15 are on the same spatial resolution
grid and co-incident with the red (red reconstruction points
35) and green (green reconstruction points 37) “checker
board” array of FIG. 11. FIG. 17 will be discussed further
herein.

FIG. 18 illustrates the array 80 of sample points 74 and
their effective sample areas 72 of FIG. 15 overlaid on the red
color plane sampling points 35 and the red sampling areas 50,
52, 53, and 54 of FIG. 13, in which the sample points 74 of
FIG. 15 are on the same spatial resolution grid and co-inci-
dent with the red (red reconstruction points 35) and green
(green reconstruction points 37) “checker board” array of
FIG. 11. The inner array of square sample areas 52 com-
pletely cover the coincident original sample point 74 and its
sample area 82 as well as extend to cover one quarter each of
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the surrounding sample areas 84 that lie inside the sample
area 52. To determine the algorithm, the fraction of coverage,
or overlap, of the output sample area 50, 52, 53, or 54 over the
input sample area 72 is recorded and then multiplied by the
value of that corresponding sample point 74 and applied to the
output sample area 35. In FIG. 18, the area of square sample
area 52 filled by the central, or coincident, input sample area
84 is half of square sample area 52. Thus, the value of the
corresponding sample point 74 is multiplied by one half (or
0.5). By inspection, the area of square sample area 52 filled by
each of the surrounding, non-coincident, input areas 84 is one
eighth (or 0.125) each. Thus, the value of the corresponding
four input sample points 74 is multiplied by one eighth (or
0.125). These values are then added to the previous value
(e.g., that was multiplied by 0.5) to find the final output value
of a given sample point 35.

For the edge sample points 35 and their five-sided sample
areas 50, the coincident input sample area 82 is completely
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sample area 94 covers four sevenths (or about 0.5714) of
output sample area 53. The neighboring input sample areas 96
cover three fourteenths (or about 0.2143) of the output sample
area 53. For the “near” corner sample areas 54, the coincident
input sample area 90 covers eight seventeenths (or about
0.4706) of the output sample area 54. The inward neighboring
sample area 98 covers two seventeenths (or about 0.1176) of
the output sample area 54. The edge wise neighboring input
sample area 92 covers three seventeenths (or about 0.1765) of
the output sample area 54. The corner input sample area 88
covers four seventeenths (or about 0.2353) of the output
sample area 54. As before, the weighted values of the Input
values 74 from the overlapped sample areas 72 are added to
give the value for the sample point 35. The calculation for the
resampling of the green color plane proceeds in a similar
manner, but the output sample array is rotated by 180°.

To restate, the calculations for the red sample point 35 and
green sample point 37 values, V_,,,, are as shown in TABLE 1:

outs

TABLE 1

Center Areas:
Lower Edge:
Upper Edge:
Right Edge:

Left Edge:

Upper Right Hand

Corner:

Upper Left Hand
Corner:

Lower Left Hand
Corner:

Lower Right Hand
Corner:

Upper Edge, Left
Hand Near Corner:
Left Edge, Upper
Near Corner:

Left Edge, Lower
Near Corner:
Lower Edge, Left
Hand Near Corner:
Lower Edge, Right
Hand Near Corner:
Right Edge, Lower
Near Corner:
Right Edge, Upper
Near Corner:
Upper Edge, Right
Hand Near Corner:

Vot (CR,) = 0.5_V,, (C,R,) +0.125_V,, (C,_|R,) +0.125_V,,
(C,R,,1) +0.125_V,, (C,R) +0.125_V,, (C,R,_)

Vot (CR,) = 0.5_V,, (C,R,) +0.1875_V,, (C,_|R )+ 0.1875_V,,
(CRyu)) +0.125V,, (Cors

Vo (CR)=05_V,, (CR,)+0.1875_V,, (C,_ ;R1)+0.125_V,,
(C,R,)+0.1875_V, (C,,R1)

Vot (CR,) = 0.5_V,, (C,R)) +0.125_V,, (C,_|R)) +0.1875_V,,
(C.Ryp) + 0.1875_V,, (CR, )

Vour (C1R)=0.5_V,, (C1R)) +0.1875_V,, (C/R, ;1) + 0.125_V,,
(C:R,)+0.1875_V,, (CR, )

Vot (CR,) = 0.5714_V,,, (CR,) + 0.2143_V,, (C,,R ) + 0.2143_V,,
CR,.1)

v, (CR,)=05714_V, (C,R,)+0.2143_V, (C,R,) +0.2143_V,,
(CoRy)

Vour (CR,) = 0.5714_V,,, (CR,) + 0.2143_V,, (C,, R)) +0.2143_V,,
CR, 1)

V. (C,R) = 0.5714_V,, (CR,) +0.2143_V,, (C, R,) +0.2143_V,,
(CR,_1)

Vo (CoR}) =04706_V,, (C,R,) +0.2353_V,, (C,R) +0.1176_V,,
(CoR,) +0.1765_V,, (C3R,)

v, (CR,) =04706_V,, (C,R,) +0.1765_V, (C,Ry) +0.1176_V,,
(CoR,) +0.2353_V,, (C,R))

Vot (C1R,) = 0.4706_V,, (C/R,) + 0.2353_V,, (C,R ., ) + 0.1176_V,,
(CoR,) +0.1765_V,, (C/R,_,)

Ve (C5R,) = 0.4706_V,,, (C,R ) + 0.2353_V,, (C,;R) + 0.1765_V,,
(C3R,) +0.1176_V,, (CoR,_;) +0.125_V,, (C,R,_))

Vot (CR,) = 0.4706_V,,, (CR,) + 0.1765_V,, (C,_;R ) + 0.2353_V,,
(CoasR,) +0.1176_V,, (C,R,_))

Ve (CR ) = 0.4706_V,, (C,R ) +0.1176
(C.Ry1) +0.1765_V,, (C,R, )

Vo (CR5) = 0.4706_V,, (C.Ry) + 0.1176 _V,, (C,_R,) + 0.1765_V,,
(C,R3) +0.2353_V,, (C,R))

v, (CR,)=04706_V, (C.R)+0.1765_V, (C,_R,)+0.1176_V,,
(C,Ro) +0.2353_V,, (C,.uR))

Vi (€, R) +0.2353_V,,

— Vin

covered as in the case described above, but only three sur-
rounding input sample areas 84, 86, and 92 are overlapped.
One of the overlapped input sample areas 84 represents one
eighth of the output sample area 50. The neighboring input
sample areas 86 and 92 along the edge represent three six-
teenths (¥16=0.1875) of the output area each. As before, the
weighted values of the input values 74 from the overlapped
sample areas 72 are added to give the value for the sample
point 35.

The corners and “near” corners are treated the same. Since
the areas of the image that the corners 53 and “near” corners
54 cover are different than the central areas 52 and edge areas
50, the weighting of the input sample areas 86, 88, 90, 92, 94,
96, and 98 will be different in proportion to the previously
described input sample areas 82, 84, 86, and 92. For the
smaller corner output sample areas 53, the coincident input
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In the computations shown in TABLE 1, V,, are the
chrominance values for only the color of the sub-pixel at
C.R,. C, represents the x™ column of red 34 and green 36
sub-pixels and R, represents the y™” row of red 34 and green 36
sub-pixels; thus C,R , represents the red 34 or green 36 sub-
pixel emitter at the x” column and y” row of the display
panel, starting with the upper left-hand corner, as is conven-
tionally done.

It is important to note that the total of the coefficient
weights in each equation add up to a value of one. Although
there are seventeen equations to calculate the full image con-
version, because of the symmetry there are only four sets of
coefficients. This reduces the complexity when implemented.

As stated earlier, FIG. 17 illustrates the arrangement 78 of
sample points 74 and their effective sample areas 72 of FIG.
15 overlaid on the blue color plane sampling points 46 of FIG.
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12, in which the sample points 74 of FIG. 15 are on the same
spatial resolution grid and co-incident with the red (red recon-
struction points 35) and green (green reconstruction points
37) “checker board” array of FIG. 11. The blue sample points
46 of FIG. 12 allow the blue sample area 44 to be determined
by inspection. In this case, the blue sample area 44 is now a
blue resample area which is simply the arithmetic mean of the
surrounding blue values of the original data sample points 74
that is computed as the value for the sample point 46 of the
resampled image.

The blue output value, V,
lated as follows:

of sample points 46 is calcu-

outs

Vol Cy R, )=025_ Vi (CRIH0.25 Vi (CRyp )+
025V CoriR)40.25_ Vir(CopiRy)

where V,,, are the blue chrominance values of the surrounding
input sample points 74; C, represents the x* column of
sample points 74; and R, represents the y* row of sample
points 74, starting with the upper left-hand corner, as is con-
ventionally done.

For the blue sub-pixel calculation, X and Y numbers must
be odd, as there is only one blue sub-pixel per pairs of red and
green sub-pixels. Again, the total of the coefficient weights is
equal to a value of one.

The weighting of the coefficients of the central area equa-
tion for the red sample point 35, which affects most of the
image created, and applying to the central resample areas 52
is the process of binary shift division, where 0.5 is a one bit
shift to the “right”, 0.25 is a two bit shift to the right”, and
0.125 is a three bit shift to the “right”. Thus, the algorithm is
extremely simple and fast, involving simple shift division and
addition. For greatest accuracy and speed, the addition of the
surrounding pixels should be completed first, followed by a
single three bit shift to the right, and then the single bit shifted
central value is added. However, the latter equations for the
red and green sample areas at the edges and the corners
involve more complex multiplications. On a small display
(e.g., a display having few total pixels), a more complex
equation may be needed to ensure good image quality display.
For large images or displays, where a small error at the edges
and corner may matter very little, a simplification may be
made. For the simplification, the first equation for the red and
green planes is applied at the edges and corners with the
“missing” input data sample points over the edge of the
image, such that input sample points 74 are set to equal the
coincident input sample point 74. Alternatively, the “missing”
values may be set to black. This algorithm may be imple-
mented with ease in software, firmware, or hardware.

FIGS. 19 and 20 illustrate two alternative arrangements
100, 102 of sample points 74 and their effective sample areas
72 of FIG. 15 overlaid on the blue color plane sampling areas
23 of FIGS. 8 and 9, in which the sample points 74 of FIG. 15
are on the same spatial resolution grid and co-incident with
the red and green “checker board” array of FIG. 7. FIG. 8
illustrates the effective sub-pixel rendering sampling areas
123 that have the minimum boundary perimeters for the blue
color plane sampling points 23 shown in FIG. 7 for the
arrangement of emitters in FIG. 6.

The method for calculating the coefficients proceeds as
described above. The proportional overlap of output sample
areas 123 in that overlap each input sample area 72 of FIG. 19
are calculated and used as coefficients in a transform equa-
tions or filter kernel. These coefficients are multiplied by the
sample values 74 in the following transform equation:

Voua o Rye )=0.015625_V,,(C,_1R,)+0.234375_
Vi CoR,)+0.234375_V,,,(Coop R, )+0.015625 _
Vi CoaR 40015625V, (Co iRy )+
0.234375_V;,(C,R,,)+0.234375_V,,(Cy,iR,,,
1D+0.015625_V;( CriaRyy)-
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A practitioner skilled in the art can find ways to perform
these calculations rapidly. For example, the coefficient
0.015625 is equivalent to a 6 bit shift to the right. In the case
where sample points 74 of FIG. 15 are on the same spatial
resolution grid and co-incident with the red (red reconstruc-
tion points 25) and green (green reconstruction points 27)
“checker board” array of FIG. 7, this minimum boundary
condition area may lead to both added calculation burden and
spreading the data across six sample 74 points.

The alternative effective output sample area 124 arrange-
ment 31 of FIG. 9 may be utilized for some applications or
situations. For example, where the sample points 74 of FIG.
15 are on the same spatial resolution grid and co-incident with
the red (red reconstruction points 25) and green (green recon-
struction points 27) “checker board” array of FIG. 7, or where
the relationship between input sample areas 74 and output
sample areas is as shown in FIG. 20 the calculations are
simpler. In the even columns, the formula for calculating the
blue output sample points 23 is identical to the formula devel-
oped above for FIG. 17. In the odd columns the calculation for
FIG. 20 is as follows:

Voul Ces Ry, )=0.25_V;,(CiR,)+0.25_V,,(Cyp (R )+
0.25_V3(CoR, )+0.25_V;,(Cop iR, 1)

As usual, the above calculations for FIGS. 19 and 20 are
done for the general case of the central sample area 124. The
calculations at the edges will require modifications to the
transform formulae or assumptions about the values of
sample points 74 off the edge of the screen, as described
above.

Turning now to FIG. 21, an array 104 of sample points 122
and their effective sample areas 120 for a prior art pixel data
format is illustrated. FIG. 21 illustrates the red, green, and
blue values that are on an equal spatial resolution grid and
co-incident, however, it has a different image size than the
image size illustrated in FIG. 15.

FIG. 22 illustrates an array 106 of sample points 122 and
their effective sample areas 120 of FIG. 21 overlaid on the red
color plane sampling areas 50, 52, 53, and 54 of FIG. 13. The
sample points 122 of FIG. 21 are not on the same spatial
resolution grid, nor co-incident with the red (red reconstruc-
tion points 25, 35) and green (green reconstruction points 27,
37) “checker board” array of FIG. 7 or 11, respectively.

In this arrangement of FIG. 22, a single simplistic trans-
form equation calculation for each output sample 35 is not
allowed. However, generalizing the method used to generate
each of the calculations based on the proportional area cov-
ered is both possible and practical. This is true if for any given
ratio of input to output image, especially those that are com-
mon in the industry as standards, there will be least common
denominator ratios that will result in the image transform
being a repeating pattern of cells. Further reductions in com-
plexity occur due to symmetry, as demonstrated above with
the input and output arrays being coincident. When com-
bined, the repeating three-color sample points 122 and sym-
metry results in a reduction of the number of sets of unique
coefficients to a more manageable level.

For example, the commercial standard display color image
format called “VGA” (which used to stand for Video Graph-
ics Adapter but now it simply means 640x480) has 640 col-
umns and 480 rows. This format needs to be re-sampled or
scaled to be displayed onto a panel of the arrangement shown
in FIG. 10, which has 400 red sub-pixels 34 and 400 green
sub-pixels 36 across (for a total of 800 sub-pixels across) and
600 total sub-pixels 35 and 36 down. This results in an input
pixel to output sub-pixel ratio of 4 to 5. The transfer equations
for each red sub pixel 34 and each green sub-pixel 36 can be
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calculated from the fractional coverage of the input sample
areas 120 of FIG. 22 by the sample output areas 52. This
procedure is similar to the development of the transfer equa-
tions for FIG. 18, except the transfer equations seem to be
different for every single output sample point 35. Fortunately,
if you proceed to calculate all these transfer equations a
pattern emerges. The same five transfer equations repeat over
and over across a row, and another pattern of five equations
repeat down each column. The end result is only 5x5 or
twenty-five unique sets of equations for this case with a pixel
to sub-pixel ratio of 4:5. This reduces the unique calculations
to twenty-five sets of coefficients. In these coefficients, other
patterns of symmetries can be found which reduce the total
number of coefficient sets down to only six unique sets. The
same procedure will produce an identical set of coefficients
for the arrangement 20 of FIG. 6.

The following is an example describing how the coeffi-
cients are calculated, using the geometric method described
above. FIG. 32 illustrates a single 5x5 repeat cell 202 from the
example above of converting a 650x480 VGA format image
to a PenTile matrix with 800x600 total red and green sub
pixels. Each of the square sub-pixels 204 bounded by solid
lines 206 indicates the location of a red or green sub pixel that
must have a set of coefficients calculated. This would require
25 sets of coefficients to be calculated, were it not for sym-
metry. FIG. 32 will be discussed in more detail later.

FIG. 33 illustrates the symmetry in the coefficients. If the
coefficients are written down in the common matrix form for
filter kernels as used in the industry, the filter kernel for
sub-pixel 216 would be a mirror image, flipped left-to-right of
the kernel for sub-pixel 218. This is true for all the sub pixels
on the right side of symmetry line 220, each having a filter
kernel that is the mirror image of the filter kernel of an
opposing sub-pixel. In addition, sub-pixel 222 has a filter
kernel that is a mirror image, flipped top-to-bottom of the
filter kernel for sub-pixel 218. This is also true of all the other
filter kernels below symmetry line 224, each is the mirror
image of an opposing sub-pixel filter. Finally, the filter kernel
for sub-pixel 226 is a mirror image, flipped on a diagonal, of
the filter for sub-pixel 228. This is true for all the sub-pixels on
the upper right of symmetry line 230, their filters are diagonal
mirror images of'the filters of the diagonal opposing sub-pixel
filter. Finally, the filter kernels on the diagonal are internally
diagonally symmetrical, with identical coefficient values on
diagonally opposite sides of symmetry line 230. An example
of'acomplete set of filter kernels is provided further herein to
demonstrate all these symmetries in the filter kernels. The
only filters that need to be calculated are the shaded in ones,
sub-pixels 218, 228, 232, 234, 236, and 238. In this case, with
a repeat cell size of 5, the minimum number of filters needed
is only six. The remaining filters can be determined by flip-
ping the 6 calculated filters on different axes. Whenever the
size of a repeat cell is odd, the formula for determining the
minimum number of filters is:

where P is the odd width and height of the repeat cell, and
Nfilts is the minimum number of filters required.

FIG. 34 illustrates an example of the case where the repeat
cell size is even. The only filters that need to be calculated are
the shaded in ones, sub-pixels 240, 242, and 244. In this case
with a repeat cell size of 4 only three filters must be calcu-
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lated. Whenever the size of the repeat cell is even, the general
formula for determining the minimum number of filters is:

where P is the even width and height of the repeat cell, and
Neven is the minimum number of filters required.

Returning to FIG. 32, the rendering boundary 208 for the
central sub-pixel 204 encloses an area 210 that overlaps four
of the original pixel sample areas 212. Each of these overlap-
ping areas is equal, and their coefficients must add up to one,
so each of them is %4 or 0.25. These are the coefficients for
sub-pixel 238 in FIG. 33 and the 2x2 filter kernel for this case
would be:

Yy
Y

Ya
Ya

The coefficients for sub-pixel 218 in FIG. 33 are developed
in FIG. 35. This sub-pixel 218 is bounded by a rendering area
246 that overlaps five of the surrounding input pixel sample
areas 248. Although this sub-pixel is in the upper left corner
of a repeat cell, it is assumed for the sake of calculation that
there is always another repeat cell past the edge with addi-
tional sample areas 248 to overlap. These calculations are
completed for the general case and the edges of the display
will be handled with a different method as described above.
Because rendering area 246 crosses three sample areas 248
horizontally and three vertically, a 3x3 filter kernel will be
necessary to hold all the coefficients. The coefficients are
calculated as described before: the area of each input sample
area covered by rendering area 246 is measured and then
divided by the total area of rendering area 246. Rendering
area 246 does not overlap the upper left, upper right, lower
left, or lower right sample areas 248 at all so their coefficients
are zero. Rendering area 246 overlaps the upper center and
middle left sample areas 248 by %" of the total area of
rendering area 246, so their coefficients are 4”. Rendering
area 246 overlaps the center sample area 248 by the greatest
proportion, which is 1%416”*. Finally rendering area 246 over-
laps the middle right and bottom center sample areas 248 by
the smallest amount of 142", Putting these all in order results
in the following coefficient filter kernel:

0 P 0
Y Wis Y
0 V2 0

Sub-pixel 232 from FIG. 33 is illustrated in FIG. 36 with its
rendering area 250 overlapping five sample areas 252. As
before, the portions of the area of rendering area 250 that
overlap each of the sample areas 252 are calculated and
divided by the area of rendering area 250. In this case, only a
3x2 filter kernel would be necessary to hold all the coeffi-
cients, but for consistency a 3x3 will be used. The filter kernel
for FIG. 36 would be:
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Yea
V4

Tes 0
s

Sub-pixel 234 from FIG. 33 is illustrated in FIG. 37 with its
rendering area 254 overlapping sample areas 256. The coef-
ficient calculation for this would result in the following ker-
nel:

et s 0
/e e 0
0 0 0

Sub-pixel 228 from FIG. 33 is illustrated in FIG. 38 with its
rendering area 258 overlapping sample areas 260. The coef-
ficient calculations for this case would result in the following
kernel:

o4
Yes

27/64
27/64

Vea
Yea

Finally, sub-pixel 236 from FIG. 33 is illustrated in FIG. 39
with its rendering area 262 overlapping sample areas 264. The
coefficient calculations for this case would result in the fol-
lowing kernel:

Vo4
Vo4

27/64
27/64

Yea
Yea

This concludes all the minimum number of calculations
necessary for the example with a pixel to sub-pixel ratio of
4:5. All the rest of the 25 coefficient sets can be constructed by
flipping the above six filter kernels on different axes, as
described with FIG. 33.

For the purposes of scaling the filter kernels must always
sum to one or they will affect the brightness of the output
image. This is true of all six filter kernels above. However, if
the kernels were actually used in this form the coefficients
values would all be fractions and require floating point arith-
metic. It is common in the industry to multiply all the coeffi-
cients by some value that converts them all to integers. Then
integer arithmetic can be used to multiply input sample values
by the filter kernel coefficients, as long as the total is divided
by the same value later. Examining the filter kernels above, it
appears that 64 would be a good number to multiply all the
coefficients by. This would result in the following filter kernel
for sub-pixel 218 from FIG. 35:

0 8 0
8 44 2
0 2 0

(divided by 64)

All the other filter kernels in this case can be similarly
modified to convert them to integers for ease of calculation. It
is especially convenient when the divisor is a power of two,

15

20

25

30

35

N
S

60

65

18

which it is in this case. A division by a power of two can be
completed rapidly in software or hardware by shifting the
result to the right. In this case, a shift to the right by 6 bits will
divide by 64.

In contrast, a commercial standard display color image
format called XGA (which used to stand for Extended Graph-
ics Adapter but now simply means 1024x768) has 1024 col-
umns and 768 rows. This format can be scaled to display on an
arrangement 38 of FIG. 10 that has 1600 by 1200 red and
green emitters 34 and 36 (plus 800 by 600 blue emitters 32).
The scaling or re-sampling ratio of this configuration is 16 to
25, which results in 625 unique sets of coefficients. Using
symmetry in the coefficients reduces the number to a more
reasonable 91 sets. But even this smaller number of filters
would be tedious to do by hand, as described above. Instead a
computer program (a machine readable medium) can auto-
mate this task using a machine (e.g., a computer) and produce
the sets of coeflicients quickly. In practice, this program is
used once to generate a table of filter kernels for any given
ratio. Then that table is used by scaling/rendering software or
burned into the ROM (Read Only Memory) of hardware that
implements scaling and sub-pixel rendering.

The first step that the filter generating program must com-
plete is calculating the scaling ratio and the size of the repeat
cell. This is completed by dividing the number of input pixels
and the number of output sub-pixels by their GCD (Greatest
Common Denominator). This can also be accomplished in a
small doubly nested loop. The outer loop tests the two num-
bers against a series of prime numbers. This loop should run
until it has tested primes as high as the square root of the
smaller of the two pixel counts. In practice with typical screen
sizes it should never be necessary to test against primes larger
than 41. Conversely, since this algorithm is intended for gen-
erating filter kernels “offline” ahead of time, the outer loop
could simply run for all numbers from 2 to some ridiculously
large number, primes and non-primes. This may be wasteful
of CPU time, because it would do more tests than necessary,
but the code would only be run once for a particular combi-
nation of input and output screen sizes.

An inner loop tests the two pixel counts against the current
prime. If both counts are evenly divisible by the prime, then
they are both divided by that prime and the inner loop con-
tinues until it is not possible to divide one of the two numbers
by that prime again. When the outer loop terminates, the
remaining small numbers will have effectively been divided
by the GCD. The two numbers will be the “scale ratio” of the
two pixel counts. Some typical values are shown in TABLE 2
below.

TABLE 2
320:640 becomes 1:2
384:480 becomes 4:5
512:640 becomes 4:5
480:768 becomes 5:8
640:1024 becomes 5:8

These ratios will be referred to as the pixel to sub-pixel or
P:S ratio, where P is the input pixel numerator and S is the
sub-pixel denominator of the ratio. The number of filter ker-
nels needed across or down a repeat cell is S in these ratios.
The total number of kernels needed is the product of the
horizontal and vertical S values. In almost all the common
VGA derived screen sizes the horizontal and vertical repeat
pattern sizes will turn out to be identical and the number of
filters required will be S2. From the table above, a 640x480
image being scaled to a 1024x768 PenTile matrix has a P:S
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ratio of 5:8 and would require 8x8 or 64 different filter kernels
(before taking symmetries into account).

In a theoretical environment, fractional values that add up
to one are used in a filter kernel. In practice, as mentioned
above, filter kernels are often calculated as integer values with
a divisor that is applied afterwards to normalize the total back
to one. [t is important to start by calculating the weight values
as accurately as possible, so the rendering areas can be cal-
culated in a co-ordinate system large enough to assure all the

20
or 2:1) the filter size becomes 4x4 or larger. It will be difficult
to convince hardware manufacturers to add more line buffers
to implement this. However, staying within the range of 1:1
and 1:2 has the advantage that the kernel size stays at a
constant 3x3 filter. Fortunately, most of the cases that will
have to be implemented in hardware fall within this range and
it is reasonable to write the program to simply generate 3x3
kernels. In some special cases, like the example done above
by hand, some of the filter kernels will be smaller than 3x3. In

calculations are integers. Experience has shown that the cor- 10 . i . .
. . . T other special cases, even though it is theoretically possible for
rect co-ordinate system to use in image scaling situations is . .
. . o the filter to become 3x3, it turns out that every filter is only
one where the size of an input pixel is equal to the number of .. .

. - . 2x2. However, it is easier to calculate the kernels for the
output sub pixels across a repeat cell, which makes the size of ) d casi ol hard th a fixed
an output pixel equal the number of input pixels across a general case and easier to implement hardware with a fixe
repeat cell. This is counter-intuitive and seems backwards. 15 kernel size.

For example, in the case of scaling 512 input pixels to 640 Finally, calculating the kernel filter weight values is now
with a 4:5 P:S ratio, you can plot the input pixels on graph merely a task of calculating the areas (times two) of the 3x3
paper as 5x5 squares and the output pixels on top of them as input pixels that intersect the output diamond shapes at each
4x4 squares. This is the smallest scale at which both pixels unique (non symmetrical) location in the repeat cell. This is a
can be drawn, while keeping all the numbers integers. In this 20 very straightforward “rendering” task that is well known in
co-ordinate system, the area of the dlgmonq shaped rendering the industry. For each filter kernel, 3x3 or nine coefficients are
areas centered over the output sub-};lxzels is always equal to calculated. To calculate each of the coefficients, a vector
twice the area of an output pixel or 2*P=. This 18 the minimum description of the diamond shaped rendering area is gener-
integer value that can be used as the denominator of filter  ,teq. This shape is clipped against the input pixel area edges.
Welljgjlft Values.l be di d fall li 23 Polygon clipping algorithms that are well known in the indus-
. ortunately, as the diamond falls across several 1nput try are used. Finally, the area (times two) of the clipped
pixels, it can be chopped into triangular shapes. The area of'a . . . .
. . . . . . . polygon is calculated. The resulting area is the coefficient for
triangle is the width times the height divided by two and this .
. . . . . the corresponding cell of the filter kernel.
can result in non-integer values again. Calculating twice the ) : )
area solves this problem, so the program calculates areas 30 A sample output from this program is shown below in
multiplied by two. This makes the minimum useful integer TABLE 3, for a source pixel resolution of 1024, a destination
filter denominator equal to 4*P>. sub-pixel resolution of 1280, giving a scaling ratio of 4:5.
Next it is necessary to decide how large each filter kernel Filter numbers are a}l divided by 25§ . The minimum number
must be. In the example completed by hand above, some of of filters needed, with symmetries, is 6, gnd the number of
the filter kernels were 2x2, some were 3x2 and others were 35 {filters generated here, with no symmetry, is 25.
3x3. The relative sizes of the input and output pixels, and how In the sample output of TABLE 3, all 25 of the filter kernels
the diamond shaped rendering areas can cross each other, necessary for this case are calculated, without taking symme-
determine the maximum filter kernel size needed. When scal- try into account. This allows for the examination of the coef-
ing images from sources that have more than two output ficients and to verify visually that there is a horizontal, verti-
sub-pixels across for each input pixel (e.g., 100:201 or 1:3),a 40 cal, and diagonal symmetry in the filter kernels in these repeat
2x2 filter kernel becomes possible. This would require less cells. As before, edges and corners of the image may be
hardware to implement. Further the image quality is better treated uniquely or may be approximated by filling in the
than prior art scaling since the resulting image captures the “missing” input data sample with the value of either the
“square-ness” of the implied target pixel, retaining spatial average of the others, the most significant single contributor,
frequencies as best as is possible, represented by the sharp 45 orblack. Each set of coefficients is used in a filter kernel, as is
edges of many flat panel displays. These spatial frequencies well known in the art. Keeping track of the positions and
are used by font and icon designers to improve the apparent symmetry operators is a task for the software or hardware
resolution, cheating the Nyquist limit well known in the art. designer using modulo math techniques, which are also well
Prior art scaling algorithms either limited the scaled spatial known in the art. The task of generating the coefficients is a
frequencies to the Nyquist limit using interpolation, or kept 50 simple matter of calculating the proportional overlap areas of
the sharpness, but created objectionable phase error. the input sample area 120 to output sample area 52 for each
When scaling down there are more input pixels than output sample corresponding output sample point 35, using means
sub-pixels. At any scale factor greater than 1:1 (e.g., 101:100 known in the art.
TABLE 3
0 32 0 4 28 0 16 16 0 28 4 0 0 32 0
32 176 8 68 148 0 108 108 O 148 68 O 8 176 32
0 8 0 0 8 0 4 4 0 8 0 0 0 8 0
4 68 0 16 56 0 36 36 0 56 16 0 0 68 4
28 148 8 56 128 0O 92 92 0 128 56 0 8 148 28
0 0 0 0 0 0 0 0 0 0 0 0 O 0 0
16 108 4 36 92 0 64 64 0O 92 36 0 4 108 16
16 108 4 36 92 0 64 64 O 92 36 0 4 108 16
0 0 0 0 0 0 0 0 0 0 0 0 O 0 0
28 148 8 56 128 O 92 92 0 128 56 0 8 148 28
4 68 0 16 56 0 36 3 0 56 16 0 0 68 4
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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TABLE 3-continued
0 8 0 0 8 0 4 4 0 8 0 0 0
32 176 8 68 148 0 108 108 O 148 68 0 8
0 32 0 4 28 0 16 16 0 28 4 0 0

22
8§ 0
176 32
2 0

FIG. 23 illustrates an array 108 of sample points 122 and
their effective sample areas 120 of FIG. 21 overlaid on the
blue color plane sampling areas 44 of FIG. 12, in which the
sample points 122 of FIG. 21 are not on the same spatial
resolution grid, nor co-incident with the red and green
“checker board” array of FIG. 11. The method of generating
the transform equation calculations proceed as described ear-
lier. First, the size of the repeating array of three-color pixel
elements is determined, next the minimum number of unique
coefficients is determined, and then the values of those coef-
ficients by the proportional overlap of input sample areas 120
to output sample areas 44 for each corresponding output
sample point 46 is determined. Each of these values is applied
to the transform equation. The array of repeating three-color
pixel elements and resulting number of coefficients is the
same number as that determined for the red and green planes.

FIG. 24 illustrates the array 110 of sample points and their
effective sample areas of FIG. 21 overlaid on the blue color
plane sampling areas 123 of FIG. 8, in which the sample
points 122 of FIG. 21 are not on the same spatial resolution
grid nor co-incident with the red (red reconstruction points
35) and green (green reconstruction points 37) “checker
board” array of FIG. 11. The method of generating the trans-
form equation calculations proceeds as described above.
First, the size of the repeating array of three-color pixel ele-
ments is determined. Next, the minimum number of unique
coefficients is determined, and then the values of those coef-
ficients by the proportional overlap of input sample areas 120
to output sample areas 123 for each corresponding output
sample point 23 is determined. Each of these values is applied
to the transform equation.

The preceding has examined the RGB format for CRT. A
conventional RGB flat panel display arrangement 10 has red
4, green 6, and blue 2 emitters arranged in a three-color pixel
element 8, as in prior art FIG. 1. To project an image formatted
according to this arrangement onto the three-color pixel ele-
ment illustrated in FIG. 6 or in FIG. 10, the reconstruction
points must be determined. The placement of the red, green,
and blue reconstruction points is illustrated in the arrange-
ment 12 presented in FIG. 2. The red, green, and blue recon-
struction points are not coincident with each other, there is a
horizontal displacement. According prior art disclosed by
Benzschawel, et al. in U.S. Pat. No. 5,341,153, and later by
Hill, etal. in U.S. Pat. No. 6,188,385, these locations are used
as sample points 3, 5, and 7 with sample areas, as shown in
prior art FIG. 3 for the red color plane 14, in prior art FIG. 4
for the blue color plane 16, and prior art FIG. 5 for the green
color plane 18.

A transform equation calculation can be generated from
the prior art arrangements presented in FIGS. 3, 4, and 5 from
the methods disclosed herein. The methods that have been
outlined above can be utilized by calculating the coefficients
for the transform equations, or filter kernels, for each output
sample point of the chosen prior art arrangement. FIG. 25
illustrates the effective sample area 125 of the red color plane
of FIG. 3 overlaid on the red color plane sampling areas 52 of
FIG. 13, where the arrangement of red emitters 35 in FIG. 25
has the same pixel level (repeat unit) resolution as the
arrangement in FIG. 6 and FIG. 10. The method of generating
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the transform equation calculations proceeds as described
above. First, the size of the repeating array of three-color pixel
elements is determined. The minimum number of unique
coefficients are then determined by noting the symmetry (in
this case: 2). Then, then the values of those coefficients, by the
proportional overlap of input sample areas 125 to output
sample areas 52 for each corresponding output sample point
35 is determined. Each of these values is applied to the trans-
form equation. The calculation for the resampling of the
green color plane, as illustrated in FIG. 4, proceeds in a
similar manner, but the output sample array is rotated by 180°
and the green input sample areas 127 are offset. FIG. 26
illustrates the effective sample areas 127 of the blue color
plane of prior art FIG. 4 overlaid on the blue color plane
sampling areas 123 of FIG. 8.

FIG. 40 illustrates an example for blue that corresponds to
the red and green example in FIG. 32. Sample area 266 in
FIG. 40 is a square instead of a diamond as in the red and
green example. The number of original pixel boundaries 272
is the same, but there are fewer blue output pixel boundaries
274. The coefficients are calculated as described before; the
area of each input sample area 268 covered by rendering area
266 is measured and then divided by the total area of render-
ing area 266. In this example, the blue sampling area 266
equally overlaps four of the original pixel areas 268, resulting
in a 2x2 filter kernel with four coefficients of %4. The eight
other blue output pixel areas 270 and their geometrical inter-
sections with original pixel areas 268 can be seen in FIG. 40.
The symmetrical relationships of the resulting filters can be
observed in the symmetrical arrangements of original pixel
boundaries 274 in each output pixel area 270.

In more complicated cases, a computer program is used to
generate blue filter kernels. This program turns out to be very
similar to the program for generating red and green filter
kernels. The blue sub-pixel sample points 33 in FIG. 11 are
twice as far apart as the red and green sample points 35, 37,
suggesting that the blue rendering areas will be twice as wide.
However, the rendering areas for red and green are diamond
shaped and are thus twice as wide as the spacing between the
sample points. This makes the rendering areas of red and
green and blue the same width and height which results in
several convenient numbers; the size of the filter kernels for
blue will be identical to the ones for red and green. Also the
repeat cell size for blue will generally be identical to the
repeat cell size for red and green. Because the blue sub-pixel
sample points 33 are spaced twice as far apart, the P:S (pixel
to sub-pixel) ratio is doubled. For example, a ratio of 2:3 for
red becomes 4:3 for blue. However, it is the S number in this
ratio that determines the repeat cell size and that is not
changed by doubling. However, if the denominator happens
to be divisible by two, there is an additional optimization that
can be done. In that case, the two numbers for blue can be
divided by an additional power of two. For example, if the red
and green P:S ratio is 3:4, then the blue ratio would be 6:4
which can be simplified to 3:2. This means that in these (even)
cases the blue repeat cell size can be cut in half and the total
number of filter kernels required will be one quarter that of
red and green. Conversely, for simplicity of algorithms or
hardware designs, it is possible to leave the blue repeat cell
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size identical to that of red and green. The resulting set of filter
kernels will have duplicates (quadruplicates, actually) but
will work identically to the red and green set of filter kernels.

Therefore, the only modifications necessary to take the red
and green filter kernel program and make it generate blue
filter kernels was to double the numerator of the P:S ratio and
change the rendering area to a square instead of a diamond.

Now consider the arrangement 20 of FIG. 6 and the blue
sample areas 124 of FIG. 9. This is similar to the previous
example in that the blue sample areas 124 are squares. How-
ever, because every other column of them are staggered half
of their height up or down, the calculations are complicated.
At first glance it seems that the repeat cell size will be doubled
horizontally. However the following procedure has been dis-
covered to produce the correct filter kernels:

1) Generate a repeat cell set of filter kernels as if the blue
sample points are not staggered, as described above.
Label the columns and rows of the table of filters for the
repeat cell with numbers starting with zero and ending at
the repeat cell size minus one.

2) On the even columns in the output image, the filters in
the repeat cell are correct as is. The modulo in the repeat
cell size of the output Y co-ordinate selects which row of
the filter kernel set to use, the modulo in the repeat cell
size of the X co-ordinate selects a column and tells
which filter in the Y selected row to use.

3) On the odd output columns, subtract one from the Y
co-ordinate before taking the modulo of it (in the repeat
cell size). The X co-ordinate is treated the same as the
even columns. This will pick a filter kernel that is correct
for the staggered case of FIG. 9.

In some cases, it is possible to perform the modulo calcu-
lations in advance and pre-stagger the table of filter kernels.
Unfortunately this only works in the case of a repeat cell with
an even number of columns. If the repeat cell has an odd
number of columns, the modulo arithmetic chooses the even
columns half the time and the odd ones the other half of the
time. Therefore, the calculation of which column to stagger
must be made at the time that the table is used, not before-
hand.

Finally, consider the arrangement 20 of FIG. 6 and the blue
sampling areas 123 of FIG. 8. This is similar to the previous
case with the additional complication of hexagonal sample
areas. The first step concerning these hexagons is how to draw
them correctly or generate vector lists of them in a computer
program. To be most accurate, these hexagons must be mini-
mum area hexagons, however they will not be regular hexa-
gons. A geometrical proof can easily be completed to illus-
trate in FIG. 41 that these hexagon sampling areas 123 of FIG.
8 are Y4 wider on each side than the square sampling areas
276. Also, the top and bottom edge of the hexagon sampling
areas 123 are %4 narrower on each end than the top and bottom
edge of the square sampling areas 276. Finally, note that the
hexagon sampling areas 123 are the same height as the square
sampling areas 276.

Filter kernels for these hexagonal sampling areas 123 can
be generated in the same geometrical way as was described
above, with diamonds for red and green or squares for blue.
The rendering areas are simple hexagons and the area of
overlap of these hexagons with the surrounding input pixels is
measured. Unfortunately, when using the slightly wider hex-
agonal sampling areas 123, the size of the filter kernels some-
times exceeds a 3x3 filter, even when staying between the
scaling ratios of 1:1 and 1:2. Analysis shows that if the scaling
ratio is between 1:1 and 4:5 the kernel size will be 4x3.
Between scaling ratios of 4:5 and 1:2, the filter kernel size will
remain 3x3. (Note that because the hexagonal sampling areas
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123 are the same height as the square sampling areas 276 the
vertical size of the filter kernels remains the same).

Designing hardware for a wider filter kernel is not as dif-
ficult as it is to build hardware to process taller filter kernels,
$0 it is not unreasonable to make 4x3 filters a requirement for
hardware based sub-pixel rendering/scaling systems. How-
ever, another solution is possible. When the scaling ratio is
between 1:1 and 4:5, the square sampling areas 124 of FIG. 9
are used, which results in 3x3 filters. When the scaling ratio is
between 4:5 and 1:2, the more accurate hexagonal sampling
areas 123 of FIG. 8 are used and 3x3 filters are also required.
In this way, the hardware remains simpler and less expensive
to build. The hardware only needs to be built for one size of
filter kernel and the algorithm used to build those filters is the
only thing that changes.

Like the square sampling areas of FIG. 9, the hexagonal
sampling areas of FIG. 8 are staggered in every other column.
Analysis has shown that the same method of choosing the
filter kernels described above for FIG. 9 will work for the
hexagonal sampling areas of FIG. 8. Basically this means that
the coefficients of the filter kernels can be calculated as if the
hexagons are not staggered, even though they frequently are.
This makes the calculations easier and prevents the table of
filter kernels from becoming twice as big.

Inthe case of the diamond-shaped rendering areas of FIGS.
32 through 39, the areas were calculated in a co-ordinate
system designed to make all areas integers for ease of calcu-
lation. This occasionally resulted in large total areas and filter
kernels that had to be divided by large numbers while in use.
Sometimes this resulted in filter kernels that were not powers
of'two, which made the hardware design more difficult. In the
case of FIG. 41, the extra width of the hexagonal rendering
areas 123 will make it necessary to multiply the coefficients
of'the filter kernels by even larger numbers to make them all
integers. In all of these cases, it would be better to find a way
to limit the size of the divisor of the filter kernel coefficients.
To make the hardware easier to design, it would be advanta-
geous to be able to pick the divisor to be a power of two. For
example, if all the filter kernels were designed to be divided
by 256, this division operation could be performed by an 8-bit
right shift operation. Choosing 256 also guarantees that all the
filter kernel coefficients would be 8-bit values that would fitin
standard “byte wide” read-only-memories (ROMs). There-
fore, the following procedure is used to generate filter kernels
with a desired divisor. Since the preferred divisor is 256, it
will be utilized in the following procedure.

1) Calculate the areas for the filter coefficients using float-
ing point arithmetic. Since this operation is done off-line
beforehand, this does not increase the cost of the hard-
ware that uses the resulting tables.

2) Divide each coefficient by the known total area of the
rendering area, then multiply by 256. This will make the
filter sum to 256 if all arithmetic is done in floating point,
but more steps are necessary to build integer tables.

3) Do a binary search to find the round off point (between
0.0 and 1.0) that makes the filter total a sum of 256 when
converted to integers. A binary search is a common
algorithm well known in the industry. If this search
succeeds, you are done. A binary search can fail to
converge and this can be detected by testing for the loop
running an excessive number of times.

4) If the binary search fails, find a reasonably large coeffi-
cient in the filter kernel and add or subtract a small
number to force the filter to sum to 256.

5) Check the filter for the special case of a single value of
256. This value will not fit in a table of 8-bit bytes where
the largest possible number is 255. In this special case,
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set the single value to 255 (256-1) and add 1 to one of the
surrounding coefficients to guarantee that the filter still
sums to 256.

FIG. 31 illustrates the output sample arrangement 40 of
FIG. 11 overlaid on top of the input sample arrangement 70 of
FIG. 15 in the special case when the scaling ratio is one input
pixel for each two output sub pixels across. In this configu-
ration 200, when the original data has not been sub-pixel
rendered, the pairs of red emitters 35 in the three color pixel
element 39 would be treated as though combined, with a
represented reconstruction point 33 in the center of three
color pixel element 39. Similarly, the two green emitters 37 in
three-color pixel element 39 are treated as being a single
reconstruction point 33 in the center thereof, and the blue
emitter 33 is already in the center. Thus, the five emitters can
be treated as though they reconstruct the RGB data format
sample points, as though all three color planes were in the
center. This may be considered the “Native Mode” of this
arrangement of sub-pixels.

By resampling, via sub-pixel rendering, an already sub-
pixel rendered image onto another sub-pixeled display with a
different arrangement of sub-pixels, much of the improved
image quality of the original is retained. According to one
embodiment, it is desirable to generate a transform from this
sub-pixel rendered image to the arrangements disclosed
herein. Referring to FIGS. 1, 2, 3,4, 5, 25, and 26 the methods
that have been outlined above will serve, by calculating the
coefficients for the transform filters for each output sample
point 35, shown in FIG. 25, of the target display arrangement
with respect to the rightward displaced red input sample 5 of
FIG. 3. The blue emitter is treated as indicated above, by
calculating the coefficients for the transform filters for each
output sample point of the target display arrangement with
respect to the displaced blue input sample 7 of FIG. 4.

In a case for the green color plane, illustrated in FIG. 5,
where the input data has been sub-pixel rendered, no change
need be made from the non-sub-pixel rendered case since the
green data is still centered.

When applications that use sub-pixel rendered text are
included along-side non-sub-pixel rendered graphics and
photographs, it would be advantageous to detect the sub-pixel
rendering and switch on the alternative spatial sampling filter
described above, but switch back to the regular, for that scal-
ing ratio, spatial sampling filter for non-sub-pixel rendered
areas, also described in the above. To build such a detector we
first must understand what sub-pixel rendered text looks like,
what its detectable features are, and what sets it apart from
non-sub-pixel rendered images. First, the pixels at the edges
ofblack and white sub-pixel rendered fonts will not be locally
color neutral: That is R=G. However, over several pixels the
color will be neutral; That is R=G. With non-sub-pixel ren-
dered images or text, these two conditions together do not
happen. Thus, we have our detector, test for local R=G and
R=G over several pixels.

Since sub-pixel rendering on an RGB stripe panel is one
dimensional, along the horizontal axis, row by row, the test is
one dimensional. Shown below is one such test:

IfR, =G, and

IR, ,+R, +R 4R +R . ,=G ,+G,_ +G +G,, +G .,

Or

IfR_,+R +R +R =G _,+G __+G +G

Then apply alternative spatial filter for sub-pixel rendering

input

Else apply regular spatial filter

For the case where the text is colored there will be a
relationship between the red and green components of the
form R =~aG,, where “a” is a constant. For black and white
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text “a” has the value of one. The test can be expanded to
detect colored as well as black and white text:
IfR =G, and
If R ,+R,_+R 4R, +R ,,=a(G, _,+G_+G,+G , +
Gx+2)
Or
IfR_,+R +R ,+R _,=a(G_,+G, _,+G +G_, )
Then apply alternative spatial filter for sub-pixel rendering
input
Else apply regular spatial filter

where R, and G, represent the values of the red and green
components at the “x” pixel column coordinate.

There may be a threshold test to determine if R=G close
enough. The value of which may be adjusted for best results.
The length of terms, the span of the test may be adjusted for
best results, but will generally follow the form above.

FIG. 27 illustrates an arrangement of three-color pixel
elements in an array, in three planes, for a display device
according to another embodiment. FIG. 28 illustrates the
arrangement of the blue emitter pixel elements in an array for
the device of FIG. 27. FIG. 29 illustrates the arrangement of
the green emitter pixel elements in an array for the device of
FIG. 27. FIG. 30 illustrates the arrangement of the red emitter
pixel elements in an array for the device of FIG. 27. This
arrangement and layout is useful for projector based displays
that use three panels, one for each red, green, and blue pri-
mary, which combine the images of each to project on a
screen. The emitter arrangements and shapes match closely to
those of FIGS. 8, 13, and 14, which are the sample areas for
the arrangement shown in FIG. 6. Thus, the graphics genera-
tion, transform equation calculations and data formats, dis-
closed herein, for the arrangement of F1G. 6 will also work for
the three-panel arrangement of FIG. 27.

For scaling ratios above approximately 2:3 and higher, the
sub-pixel rendered resampled data set for the PenTile™
matrix arrangements of sub-pixels is more efficient at repre-
senting the resulting image. If an image to be stored and/or
transmitted is expected to be displayed onto a PenTile™
display and the scaling ratio is 2:3 or higher, it is advanta-
geous to perform the resampling before storage and/or trans-
mission to save on memory storage space and/or bandwidth.
Such an image that has been resampled is called “preren-
dered”. This prerendering thus serves as an effectively loss-
less compression algorithm. One advantage of this technique
is being able to take most any stored image and prerender it
onto any practicable color sub-pixel arrangement.

The methods illustrated in FIGS. 46, 49, and 51 provide
gamma compensation or adjustment in conjunction with the
above sub-pixel rendering techniques. These three methods
for providing gamma adjustment with sub-pixel rendering
can achieve the right color balance of images on a display. The
methods of FIGS. 49 and 51 may also further improve the
output brightness or luminance by improving the output con-
trast ratio. Specifically, FIG. 46 illustrates a method of apply-
ing a precondition-gamma prior to sub-pixel rendering; FIG.
49 illustrates a method for gamma-adjusted sub-pixel render-
ing; and FIG. 51 illustrates a method for gamma-adjusted
sub-pixel rendering with an omega function. The advantages
of these methods will be discussed below. The methods of
FIGS. 46, 49, and 51 can be implemented in hardware, firm-
ware, or software, as described in detail regarding FIG. 52A
through FIG. 72. The reader is referred to U.S. patent appli-
cation Publication 2003/0085906, the publication of the par-
ent application, for an example of exemplary software code
which may be used to implement the sub-pixel rendering
methods disclosed herein.
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Because the human eye cannot distinguish between abso-
lute brightness or luminance values, improving the contrast
ratio for luminance is desired, especially at high spatial fre-
quencies. By improving the contrast ratio, higher quality
images can be obtained and color error can be avoided, as will
be explained in detail below.

The manner in which the contrast ratio can be improved is
demonstrated by the effects of gamma-adjusted sub-pixel
rendering and gamma-adjusted sub-pixel rendering with an
omega function, on the max (MAX)/min(MIN) points of the
modulation transfer function (MTF) at the Nyquist limit, as
will be explained in detail regarding FIGS. 43, 44, 47, and 50.
Specifically, the gamma-adjusted sub-pixel rendering tech-
niques described herein can shift the trend of the MAX/MIN
points of the MTF downward to provide high contrast for
output images, especially at high spatial frequencies, while
maintaining the right color balance.

The sub-pixels can have an arrangement, e.g., as described
in FIGS. 6, 10, and 42B, on a display with alternating red (R)
or green (G) sub-pixels in a horizontal axis or vertical axis or
in both axes. The gamma adjustment described herein can
also be applied to other display types that uses a sub-pixel
rendering function. That is, the techniques described herein
can be applied displays using the RGB stripe format shown in
FIG. 1.

FIG. 43 shows a sine wave of an input image with the same
amplitude and increasing in spatial frequency. FIG. 44 illus-
trates an exemplary graph of the output when the input image
of FIG. 43 is subjected to sub-pixel rendering without gamma
adjustment. This graph of the output (“output energy”) shows
the amplitude of the output energy decreasing with an
increase in spatial frequency.

As shown in FIG. 44, the MTF value of 50% indicates that
the output amplitude at the Nyquist limit is half the amplitude
of the original input image or signal. The MTF value can be
calculated by dividing the energy amplitude of the output by
the energy amplitude of the input: (MAXout-MINout)/
(MAXin-MINin). The Nyquist limit is the point where the
input signal is sampled at a frequency (f) that is at least two
times greater than the frequency at which it can be recon-
structed (f/2). In other words, the Nyquist limit is the highest
point of spatial frequency in which an input signal can be
reconstructed. The Sparrow limit is the spatial frequency at
which MTF=0. Thus, measurements, e.g., contrast ratio, at
the Nyquist limit can be used to determine image quality.

The contrast ratio of the output energy of FIG. 44 at the
Nyquist limit can be calculated by dividing the output MAX
bright energy level by the output MIN black energy level. As
shown in FIG. 44, the MAX bright energy level is 75% of the
maximum output energy level and the MIN black energy level
is 25% of the maximum output energy level. Thus, the con-
trast ratio can be determined by dividing these MAX/MIN
values giving a contrast ratio of 75%/25%=3. Consequently,
at a contrast ratio=3 and at high spatial frequencies, the cor-
responding output of the graph FIG. 44 on a display would
depict alternating dark and bright bars such that the edges of
the bars would have less sharpness and contrast. That is, a
black bar from the input image would be displayed as a dark
gray bar and a white bar from the input would be displayed as
a light gray bar at high spatial frequencies.

By using the methods of FIGS. 49 and 51, the contrast ratio
can be improved by shifting the MTF MAX and MIN points
downward. Briefly, the MTF at the Nyquist limit for the
gamma-adjusted sub-pixel rendering method of FIG. 49 is
illustrated in FIG. 47. As shown in FIG. 47, the MTF can be
shifted downward along a flat trend line such that MAX value
is 65% and the MIN value is 12.5% as compared to the MTF
of FIG. 44. The contrast ratio at the Nyquist limit of FIG. 47
is thus 63%/12.5%=5 (approximately). Thus, the contrast
ratio has improved from 3 to 5.
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The contrast ratio at the Nyquist limit can be further
improved using the gamma-adjusted with an omega function
method of FIG. 51. FIG. 50 illustrates that the MTF can be
further shifted downward along a declining trend line such
that the MAX value is 54.7% and the MIN value is 4.7% as
compared to the MTF of FIG. 47. The contrast ratio at the
Nyquist limit is 54.7%/4.7%=11.6 (approximately). Thus,
the contrast ratio has improved from 5 to 11.6 thereby allow-
ing for high quality images to be displayed.

FIG. 45 illustrates an exemplary graph to depict color error
that can occur using sub-pixel rendering without gamma
adjustment. A brief discussion of the human eye’s response to
luminance is provided to detail the “gamma” effects on color
for rendered sub-pixels. As stated previously, the human eye
experiences brightness change as a percentage change and
not as an absolute radiant energy value. Brightness (L) and
energy (E) have the relationship of L=E*". As the brightness
increases, a given perceived increase in brightness requires a
larger absolute increase in radiant energy. Thus, for equal
perceived increments in brightness on a display, each incre-
ment should be logarithmically higher than the last. This
relationship between L and E is called a “gamma curve” and
is represented by g(x)=x"". A gamma value (y) of approxi-
mately 2.2 may represent the logarithmic requirement of the
human eye.

Conventional displays can compensate for the above
requirement of the human eye by performing a display
gamma function as shown in FIG. 45. The sub-pixel render-
ing process, however, requires a linear luminance space. That
is, a sub-pixel, e.g., a green sub-pixel or red sub-pixel, lumi-
nance output should have a value falling on the straight-linear
dashed line graph. Consequently, when a sub-pixel rendered
image with very high spatial frequencies is displayed on a
display with a non-unity gamma, color errors can occur
because the luminance values of the sub-pixels are not bal-
anced.

Specifically, as shown in FIG. 45, the red and green sub-
pixels do not obtain a linear relationship. In particular, the red
sub-pixel is set to provide 50% of luminance, which can
represent a white dot logical pixel on the display. However,
the luminance output of the red sub-pixel falls on the display
function at 25% and not at 50%. In addition, the luminance of
the surrounding four sub-pixels (e.g., green sub-pixels) for
the white dot is set to provide 12.5% of luminance each, but
falls on the display function at 1.6% and not at 12.5%. The
luminance percentage of the white dot pixel and the surround-
ing pixels should add up to 100%. Thus, to have correct color
balance, a linear relationship is required among the surround-
ing sub-pixels. The four surrounding sub-pixels, however,
have only 1.6%x4=6.4%, which is much less than the needed
25% of the center sub-pixel. Therefore, in this example, the
center color dominates compared to the surrounding color
thereby causing color error, i.e., producing a colored dot
instead of the white dot. On more complex images, color error
induced by the non-linear display creates error for portions
that have high spatial frequencies in the diagonal directions.

The following methods of FIGS. 46, 49, and 51 apply a
transform (gamma correction or adjustment) on the linear
sub-pixel rendered data in order for the sub-pixel rendering to
be in the correct linear space. As will be described in detail
below, the following methods can provide the right color
balance for rendered sub-pixels. The methods of FIGS. 49
and 51 can further improve the contrast for rendered sub-pixel
data.

The following methods, for purposes of explanation, are
described using the highest resolution of pixel to sub-pixel
ratio (P:S) of 1:1. That is, for the one pixel to one sub-pixel
resolution, a filter kernel having 3x3 coefficient terms is used.
Nevertheless, other P:S ratios can be implemented, for
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example, by using the appropriate number of 3x3 filter ker-
nels. For example, in the case of P:S ratio of 4:5, the 25 filter
kernels above can be used.

In the one pixel to one sub-pixel rendering, as shown in
FIG. 42A, an output value (V,,,,) of resample area 282 for a
red or green sub-pixel can be calculated by using the input
values (V,,,) of the nine implied sample areas 280. In addition,
the following methods, for purposes of explanation, are
described using a sub-pixel arrangement shown in FIG. 42B.
Nevertheless, the following methods can be implemented for
other sub-pixel arrangements, e.g., FIGS. 6 and 10, by using
the calculations and formulations described below forred and
green sub-pixels and performing appropriate modifications
on those for blue sub-pixels.

FIG. 46 illustrates a flow diagram of a method 300 to apply
a precondition-gamma prior to sub-pixel rendering. Initially,
input sampled data (V,,) of nine implied sample areas 280,
such as that shown in FIG. 42A, is received (step 302).

Next, each value of V,, is input to a calculation defined by
the function g~ (x)=x" (steps 304). This calculation is called
“precondition-gamma,” and can be performed by referring to
aprecondition-gamma look-up table (LUT). The g~*(x) func-
tion is a function that is the inverse of the human eye’s
response function. Therefore, the sub-pixel rendered data
obtained after applying the precondition-gamma using the
g7'(x) function can match the eye’s response function to
produce the original image.

After precondition-gamma is performed, sub-pixel render-
ing takes place using the sub-pixel rendering techniques
described previously (step 306). As described extensively
above, for this sub-pixel rendering step, a corresponding one
of'the filter kernel coefficient terms C is multiplied with the
values from step 304 and all the multiplied terms are added.
The coefficient terms C, are received from a filter kernel
coefficient table (step 308).

For example, red and green sub-pixels can be calculated in
step 306 as follows:

Vol CoR,)=0.5%g ™ (V3 CoR)IH0.125%g ™ (73,(C,
1Ry))+0.125xg’1(Vl-,,l(Cx,rlRy))+0.125xg’l(Vl-,,
(CR, )+0.125xg7 (Vi (CR, 1))

After steps 306 and 308, the sub-pixel rendered dataV , , is
subjected to post-gamma correction for a given display
gamma function (step 310). A display gamma function is
referred to as f(x) and can represent a non-unity gamma
function typical, e.g., for a liquid crystal display (LCD). To
achieve linearity for sub-pixel rendering, the display gamma
function is identified and cancelled with a post-gamma cor-
rection function f~*(x), which can be generated by calculating
the inverse of f(x). Post-gamma correction allows the sub-
pixel rendered data to reach the human eye without distur-
bance from the display. Thereafter, the post-gamma corrected
data is output to the display (step 312). The above method of
FIG. 46 of applying precondition-gamma prior to sub-pixel
rendering can provide proper color balance for all spatial
frequencies. The method of FIG. 46 can also provide the right
brightness or luminance level at least for low spatial frequen-
cies.

However, at high spatial frequencies, obtaining proper
luminance or brightness values for the rendered sub-pixels
using the method of FIG. 46 can be problematic. Specifically,
at high spatial frequencies, sub-pixel rendering requires lin-
ear calculations and depending on their average brightness,
the brightness values will diverge from the expected gamma
adjusted values. For all values other than those at zero and
100%, the correct value can be lower than the linear calcula-
tions, which may cause the linearly calculated brightness
values to be too high. This can cause overly bright and bloom-
ing white text on black backgrounds, and anemic, washed-out
or bleached black text on white backgrounds.
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As explained above, for the method of FIG. 46, linear color
balancing can be achieved by using the precondition-gamma
step of applying g~'(x)=x" prior to the linear sub-pixel ren-
dering. Further improvements of image quality at high spatial
frequencies may be achieved by realizing a desirable non-
linear luminance calculation, as will be described below.

Further improvements to sub-pixel rendering can be
obtained for proper luminance or brightness values using the
methods of FIGS. 49 and 51, which can cause the MAX and
MIN points of the MTF at the Nyquist limit to trend down-
wards thereby further improving the contrast ratio at high
spatial frequencies. In particular, the following methods
allow for nonlinear luminance calculations while maintaining
linear color balancing.

FIG. 49 illustrates a flow diagram of a method 350 for
gamma-adjusted sub-pixel rendering. The method 350 can
apply or add a gamma correction so that the non-linear lumi-
nance calculation can be provided without causing color
errors. As shown in FIG. 47, an exemplary output signal ofthe
gamma-adjusted sub-pixel rendering of FIG. 49 shows an
average energy following a flat trend line at 25% (correspond-
ing to 50% brightness), which is shifted down from 50%
(corresponding to 73% brightness) of FIG. 44.

For the gamma-adjusted sub-pixel rendering method 350
of FIG. 49, a concept of “local average (ct)” is introduced with
reference to FIG. 48. The concept of a local average is that the
luminance of a sub-pixel should be balanced with its sur-
rounding sub-pixels. For each edge term (V,,,(C _1Ry_1), Vi,
(Cny—l)ﬂ Vin(cxd-lRy—l)ﬂ Vz‘n(cx-lRy)$ vin(Cx-l-lRy)’ in
(Cx—lR +1): Vin(Cny+l), vin(Cx+lRy+l))’ the local average is
defined as an average with the center term (V,,(C.R,)). For
the center term, the local average is defined as an average with
all the edge terms surrounding the center term weighted by
corresponding coefficient terms of the filter kernel. For
example, (V,,(C,_ R )}+V, (C,R ))+2 is the local average for
V,,(Co R, and (V,,(C RV, (CR,, )V, (C, R )+
Vi (CR,_)+4xV, (C.R ))+8 s the local average for the cen-
ter term with the filter kernel of:

0 0.125 0
0.125 0.5 0.125
0 0.125 0

Referring to FIG. 49, initially, sampled input data V,, of
nine implied sample areas 280, e.g., as shown in FIG. 42, is
received (step 352). Next, the local average (a) for each of the
eight edge terms is calculated using each edge term V,,, and
the center term V,,, (step 354). Based on these local averages,
a “pre-gamma” correction is performed as a calculation of
g7 ()=~ by using, e.g., a pre-gamma LUT (step 356). The
pre-gamma correction function is g=!(x)=x""*. It should be
noted that x*~' is used instead of x" because the gamma-
adjusted sub-pixel rendering makes x (in this case V,,) mul-
tiplied later in steps 366 and 368. The result of the pre-gamma
correction for each edge term is multiplied by a correspond-
ing coefficient term C, which is received from a filter kernel
coefficient table 360 (step 358).

For the center term, there are at least two calculations that
can be used to determine g~*(ct). For one calculation (1), the
local average (o) is calculated for the center term as described
above using g”'(cr) based on the center term local average.
For a second calculation (2), a gamma-corrected local aver-
age (“GA”) is calculated for the center term by using the
results from step 358 for the surrounding edge terms. The
method 350 of FIG. 49 uses calculation (2). The “GA” of the
center term can be computed by using the results from step
358, rather than step 356, to refer to edge coefficients, when
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each edge term can have a different contribution to the center
term local average, e.g., in case of the same color sharpening
as will be described below.

The “GA” of the center term is also multiplied by a corre-
sponding coefficient term C, which is received from a filter
kernel coefficient table (step 364). The two calculations (1)
and (2) are as follows:

& H(Vin(Camt Ry) + Vin(CxRys1) + M
Vin(Caat Ry) + Vin (CeRy1) + 4% Vi (iR ) + 8)
(7 ((Vin(Cxor Ry) + Vin (G Ry) +2) + @

EH(Vin(CxRys) + Vin(CeRy ) +2) +
7 (Vin(Crat Ry) + Vi (CiRy) +2) +
& ((Vin(CxRy_) + Vin(CeR) £ 2) +4)

The value of C, g~*(c) from step 358, as well as the value
of C “GA” from step 364 using the second calculation (2),
are multiplied by a corresponding term of V,, (steps 366 and
368). Thereafter, the sum of all the multiplied terms is calcu-
lated (step 370) to generate output sub-pixel rendered data
V.- Then, a post-gamma correction is applied to V_,, and
output to the display (steps 372 and 374).

To calculate V,,, using calculation (1), the following cal-
culation for the red and green sub-pixels is as follows:

out

Vou (CxRy) = Vip (CxR) X 0.5 X g7 (Vi (Coet R)) + Vin (CeRyi1) +
+Vin(Cort Ry) + Vi (G Ry = 1) +4X Vi (CeRy ) + 8) +
Vin(Coeo1 R X0.125X g7 (Vin(Coot Ry) + Vin (CiRy ) +2) +
Vin(CeRyu) X0.125 X g7 (Vin(CeRy1) + Vin(CoRy )+ 2) +
Vin(Cer1 Ry) X0.125 X g7 (Vin(Cor1 Ry) + Vin(Cx Ry ) +2) +

Vin(CxRy1) X0.125 X g7 (Vin(CxRy-1) + Vin(CxRy)) £ 2)

The calculation (2) computes the local average for the
center term in the same manner as the surrounding terms. This
results in eliminating a color error that may still be introduced
if the first calculation (1) is used.

The output from step 370, using the second calculation (2)
for the red and green sub-pixels, is as follows:

VourCiRy) = Vin(C,R,) X 0.5

(& ((Vin(Ceot Ry) + Vin(CeRy) +2) +
& ((Vin(CeRyry) + Vi (CeR)) £ 2) +
& (Vin(Cer1 Ry) + Vin(CeRy) +2) +
& ((Vin(CeRy) + Vin(CeRy) +2)) +4) +
Vin(Caoy Ry) X 0.125 X g7 (Vin(Cooy Ry) + Vin(Ce R))) +2) +
Vin(CxRy11) X 0.125 X g 7H(Vin(CeRy 1) + Vin(Ce Ry +2) +
Vin(Cart Ry) X 0.125 X g7 (Vin(Cort Ry) + Vin(CeR))) +2) +

Vin(CeRy-1) X 0.125 X g7 (Vin(CoRy-1) + Vin( CxR, )+ 2).

The above formulation for the second calculation (2) gives
numerically and algebraically the same results for a gamma
set at 2.0 as the first calculation (1). However, for other
gamma settings, the two calculations can diverge with the
second calculation (2) providing the correct color rendering
at any gamma setting.
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The formulation of the gamma-adjusted sub-pixel render-
ing for the blue sub-pixels for the first calculation (1) is as
follows:

Vou(Crr1/2Ry) = +Vin(CeR,) X 0.5
& @XVin(CoRy) + Vin(Cot Ry) + Vi (CoRyop) +
Vir(Cert Ry) + Vin(CoRy1) £ 8) +
Vin(Crr1 Ry) X 0.5 %
& A X Vin(Coa1 Ry) + Vin(CeRy) + Vi (Ct Ryoy) +

Vin(Crr1Rye1) + Vin(Cei2Ry) £ 8).

The formulation for the blue sub-pixels for the second
calculation (2) using a 4x3 filter is as follows:

Vour(Crr12Ry) = +Vin(C:Ry) X 0.5 X

(g ((Vin(Cet Ry) + Vin(CeRy)) +2) +
T (Vi (CeRyr) + Vin(CeRy) +2) +
&M (Vin(Cort Ry) + Vin (CeR ) £ 2) +

& ((Vin(CeRy 1) + Vin(CeR) +2)) +4) +
Vin(Cxr1 Ry) x 0.5 %
(g1 (Vin(Cas1 Ry) + Vin(CxRy) +2) +
& Vil Cert Ryr) + Vin (Cort RY) £ 2) +
&M ((Vin(CrraRy) + Vin (Cort R £ 2) +

& Vil Cart Rym1) + Vin (Cort RY) £2)) +4).

The formulation for the blue sub-pixels for the second
calculation (2) using a 3x3 filter as an approximation is as
follows:

Vour(Cxr12Ry) = +Vin(CiRy) X 0.5 %

(g1 (Vin(CuRys1) + Vin(CeRy)) +2) +
& (Vin(Crrt Ry) + Vin (CeR ) +2) +
& Vin(CeRyo1) + Vin(CeR ) +2)) +3) +
Vin(Crs1 Ry) x 0.5 %

(g1 ((Vin(Coe1 Ry) + Vin(CxRy)) +2) +
& (Vi Cert Ryr) + Vin (Cort RY) +2) +

&M VinlCort Rym) + Vin(Crr1 Ry) +2)) +3).

The gamma-adjusted sub-pixel rendering method 350 pro-
vides both correct color balance and correct luminance even
at a higher spatial frequency. The nonlinear luminance calcu-
lation is performed by using a function, for each term in the
filter kernel, in the form of V_,,=V, xCgxa. If putting o=V,
and Cg=1, the function would return the value equal to the
gamma adjusted value of V,,, if the gamma were set to 2. To
provide a function that returns a value adjusted to a gamma of
2.2 or some other desired value, the form of V=2V, xCgx
27 (ar) can be used in the formulas described above. This
function can also maintain the desired gamma for all spatial

frequencies.
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As shown in FIG. 47, images using the gamma-adjusted
sub-pixel rendering algorithm can have higher contrast and
correct brightness at all spatial frequencies. Another benefit
ofusing the gamma-adjusted sub-pixel rendering method 350
is that the gamma, being provided by a look-up table, may be
based on any desired function. Thus, the so-called “sRGB”
standard gamma for displays can also be implemented. This
standard has a linear region near black, to replace the expo-
nential curve whose slope approaches zero as it reaches black,
to reduce the number of bits needed, and to reduce noise
sensitivity.

The gamma-adjusted sub-pixel rendering algorithm shown
in FIG. 49 can also perform Difference of Gaussians (DOG)
sharpening to sharpen image of text by using the filter kernels
for the “one pixel to one sub-pixel” scaling mode as follows:

-0.0625 0.125 -0.0625
0.125 0.75 0.125
-0.0625 0.125 -0.0625

For the DOG sharpening, the formulation for the second
calculation (2) is as follows:

TABLE 4

Vou(C:Ry) = Vin(CiR)) X075 X (2 X g7 (Vin(Ceo1R,) + Vi (CR ) +
2)+ 2% (Vin(CiR 1) + Vin(CiR,) +2) + 2%
g ((Vin(Cen1Ry) + Vi (CRy) +2) +2x g
(VinCRyo1) + Vi (R, ) +2) + & (Vin(Cooi Ry ) +
Vin(CR)) +2) + g7 (Vi (CortRyi1) + Vin(CR,) +2) +
& (Vin(Cor1Ry-1) + Vin(CeRy ) £ 2) +
& (Vin(Ceot Ry 1) + Vin(CiR ) £2)) = 12) +
Vin(CeoiRy) X 0.125 X g7 (Vin(CootRy) + Vi (CR,) £ 2) +
Vin(CeRy1) X 0.125 X g7 (Vin(CeRy11) + Vi (CR,) £ 2) +
Vin(CentRy) X 0.125 X g7 (Vin (Co 1 Ry) + Vi (CeR, ) +2) +
Vin(CRy1) X 0.125 X g (Vin(CeRy-) + Vi (CiR,) +2) =
Vin(Ceo1Ry1) X 0.0625 X g7 (Vin(Cee Ryt ) +
Vin(CRy)) +2) = Vip(Copy Ry ) X 0.0625x
& ((Vin(Cer1Ryr 1) + Vin (CR ) +2) = Vin(Ceya Ry 1) X
0.0625 X g™ (Vin(Cer1Ry-1) + Vin(GR) £2) =
Vin(Coo1Ry ) X 0.0625 X g7 (Vin(Coy Ryo1) +
Vin(C:Ry)) £2).

The reason for the coefficient of 2 for the ordinal average
terms compared to the diagonal terms is the ratio of 0.125:
0.0625=2 in the filter kernel. This can keep each contribution
to the local average equal.

This DOG sharpening can provide odd harmonics of the
base spatial frequencies that are introduced by the pixel
edges, for vertical and horizontal strokes. The DOG sharpen-
ing filter shown above borrows energy of the same color from
the corners, placing it in the center, and therefore the DOG
sharpened data becomes a small focused dot when convoluted
with the human eye. This type of sharpening is called the
same color sharpening.

The amount of sharpening is adjusted by changing the
middle and corner filter kernel coefficients. The middle coef-
ficient may vary between 0.5 and 0.75, while the corer
coeflicients may vary between zero and —0.0625, whereas the
total=1. In the above exemplary filter kernel, 0.0625 is taken
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from each of the four corners, and the sum of these (i.e.,
0.0625x4=0.25) is added to the center term, which therefore
increases from 0.5 to 0.75.

In general, the filter kernel with sharpening can be repre-
sented as follows:

Cii—X €21 C31—X
cio Cyy +4x C3o
Ci3—X €23 C33—X

where (—x) is called a corner sharpening coefficient; (+4x) is
called a center sharpening coefficient; and (¢, ;, ¢;5, . . ., C53)
are called rendering coefficients.

To further increase the image quality, the sharpening coef-
ficients including the four corners and the center may use the
opposite color input image values. This type of sharpening is
called cross color sharpening, since the sharpening coeffi-
cients use input image values the color of which is opposite to
that for the rendering coefficients. The cross color sharpening
can reduce the tendency of sharpened saturated colored lines
or text to look dotted. Even though the opposite color, rather
than the same color, performs the sharpening, the total energy
does not change in either luminance or chrominance, and the
color remains the same. This is because the sharpening coef-
ficients cause energy of the opposite color to be moved toward
the center, but balance to zero (-x-x+4x-x-x=0).

In case of using the cross color sharpening, the previous
formulation can be simplified by splitting out the sharpening
terms from the rendering terms. Because the sharpening
terms do not affect the luminance or chrominance of the
image, and only affect the distribution of the energy, gamma
correction for the sharpening coefficients which use the oppo-
site color can be omitted. Thus, the following formulation can
be substituted for the previous one:

Vour(CeRy) = Vin(CiRy) X 0.5 X

(@7 (Vin(Caot Ry) + Vin(CeRy ) +2) +
& ((Vin(CeRy 1) + Vin (CxRy) +2) +
8 ((Vin(Cxet Ry) + Vin(CeRy) +2) +
8 (Vin(CxRy-1) + Vin(CxRy)) +2) +4) +
Vin(Co1 Ry) X 0.125 X g7 ((Vin(Coct Ry) + Vi (CeRy) +2) +
Vin(Ce Ry 1) X 0.125 X g (Vi (Ci Ry 1) + Vi (CeRy) +2) +
Vin(Cert Ry) X 0.125 X g7 (Vi (Crr1 Ry) + Vin(CeR) +2) +
Vin(CxRy 1) X 0.125 X g7 (Vi (CxRy—1) + Vin(Cx Ry)) £ 2)
(wherein the above V;, are either entirely Red or
entirely Green values) +
Vin(CxRy) X 0.125 — Vip(Com1 Ry41) X 0.03125 —
Vin(Crat Rys1) X 0.03125 - V;, (Cep Ry ) X 0.03125 -
Vin(Cx_1 Ry_1) x0.03125

(wherein the above V;, are entirely Green or Red,
respectively and opposed to the V;, selection

in the section above)

A blend of the same and cross color sharpening may be as
follows:
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Vour(CeRy) = Vin(C,Ry) X 0.5

(87 (Vin(Cot Ry) + Vin(CxRy ) +2) +
& (Vin(CeRye) + Vin(CeR)) 2) +
& ((Vin(Crt Ry) + Vi (CeRY) +2) +
S Vin(CeRy-1) + Vin (CiR ) +2) + 4) +
Vin(Co1 Ry) X 0.125 X g7 (Vin(Com1 Ry) + Vin (G Ry)) +2) +
Vin(CiRy1) X 0.125 X g7 (Vi (CeRya1) + Vin(CeRy) £2) +
Vin Cort Ry) X 0.125 X g7 (Vin(Cort Ry) + Vin(Ce Ry +2) +
Vin(CeRy—1) X 0.125 X g7H(Vip(CeRy 1) + Vin(Ce Ry)) +2) +
Vin(CxRy) % 0.0625 —
Vin(Ce1 Ry 41) X 0.015625 —
Vin(Ces1 Ry 41) X 0.015625 —
Vin(Crs1 Ry-1) X 0.015625 —
Vin(Cx—1Ry-1) X 0.015625 +

(wherein the above V;, are either entirely Red or
entirely Green values)
Vin(CxRy) % 0.0625 —
Vin(Ce-1Ry41) X 0.015625 —
Vin(Crs1Ry41) X 0.015625 —
Vin(Ces1Ry-1) % 0.015625 —
Vin(Cxo1Ry-1) X 0.015625
(wherein the above V;, are entirely Green or Red,
respectively and opposed to the Vj, selection

in the section above).

In these simplified formulations using the cross color
sharpening, the coefficient terms are half those for the same
color sharpening with gamma adjustment. That is, the center
sharpening term becomes half of 0.25, which equals 0.125,
and the corner sharpening terms become half of 0.625, which
equals 0.03125. This is because, without the gamma adjust-
ment, the sharpening has a greater effect.

Only the red and green color channels may benefit from
sharpening, because the human eye is unable to perceive
detail in blue. Therefore, sharpening of blue is not performed
in this embodiment.

The following method of FIG. 51 for gamma-adjusted
sub-pixel rendering with an omega function can control
gamma without introducing color error. Briefly, FIG. 50
shows an exemplary output signal of the gamma-adjusted
sub-pixel rendering with omega function in response to the
input signal of FIG. 43. According to the gamma-adjusted
sub-pixel rendering without omega correction, the gamma of
the rendering is increased for all spatial frequencies, and thus
the contrast ratio of high spatial frequencies is increased as
shown in FIG. 47. When the gamma is increased further, fine
detail, e.g., black text on white background contrast increases
further. However, increasing the gamma for all spatial fre-
quencies creates unacceptable photo and video images.

The gamma-adjusted sub-pixel rendering with omega cor-
rection method of FIG. 51 can increase the gamma selec-
tively. That is, the gamma at the high spatial frequencies is
increased while the gamma of zero spatial frequency is left at
its optimum point. As a result, the average of the output signal
wave shifted down by the gamma-adjusted rendering is fur-
ther shifted downward as the spatial frequency becomes
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higher, as shown in FIG. 50. The average energy at zero
frequency is 25% (corresponding to 50% brightness), and
decreases to 9.5% (corresponding to 35% brightness) at
Nyquist limit, in case of ®=0.5.

FIG. 51 shows a method 400 including a series of steps
having gamma-adjusted sub-pixel rendering. Basically, the
omega function, w(x)=x"" (step 404), is inserted after receiv-
ing input data V,,, (step 402) and before subjecting the data to
the local average calculation (step 406). The omega-corrected
local average (f3), which is output from step 406, is subjected
to the inverse omega function, w™' (x)=x®, in the “pre-
gamma” correction (step 408). Therefore, step 408 is called
“pre-gamma with omega” correction, and the calculation of
g 'w!is performed as g~ (w™! (B))=(B*)'"*, for example, by
referring to a pre-gamma with omega table in the form of a
LUT.

The function w(x) is an inverse gamma like function, and
w~!(x) is a gamma like function with the same omega value.
The term “omega” was chosen as it is often used in electronics
to denote the frequency of a signal in units of radians. This
function affects higher spatial frequencies to a greater degree
than lower. That is, the omega and inverse omega functions do
not change the output value at lower spatial frequencies, but
have a greater effect on higher spatial frequencies.

If the two local input values are represented by “V,” and
“V,”, the local average (o) and the omega-corrected local
average (f§) are as follows:

(V+V5)/2=a and
(w(V )+w(V5))/2=P.

When V,=V,, f=w(a). Therefore, at low spatial frequencies,
g (B=g W m(@)=g (.

However, at high spatial frequencies

V=V, and

g (B=g (.
At the highest special frequency and contrast,
W (Bmg (@),

In other words, the gamma-adjusted sub-pixel rendering
with omega uses a function in the form of

Vour=2Viux Crxg ™ wH ((w(V )+w(V2))12)

where g (x)=x""!, w(x)=x""), and w™* (x)=x"*. The result of
using the function is that low spatial frequencies are rendered
with a gamma value of g*, whereas high spatial frequencies
are effectively rendered with a gamma value of g~ 'w~'. When
the value of omega is set below 1, a higher spatial frequency
has a higher effective gamma, which falls in a higher contrast
between black and white.

The operations after the pre-gamma with omega step in
FIG. 51 are similar to those in FIG. 49. The result of the
pre-gamma-w-omega correction for each edge term is multi-
plied by a corresponding coefficient term Cj, which is read
out from a filter kernel coefficient table 412 (step 410). For the
center term, there are at least two methods to calculate a value
corresponding to g~'w~!(B). The first method calculates the
value in the same way as for the edge term, and the second
method performs the calculation of step 414 in FIG. 51 by
summing the results of step 408. The calculation of step 414
may use the results of step 410, rather than step 408, to refer
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to edge coefficients in computing for the center term, when
each edge term can have a different contribution to the center
term local average. Vour(Cer12Ry) =

The gamma-w-omega corrected local average (“GOA”) of +Vi(CeR) X 0.5 X (g7 W (W(Vin(Camt Ry)) + W(Vin(CR ) +2) +
the center term from the step 414 is also multiplied by a
corresponding coefficient term C (step 416). The value from
step 410, as well as the value from step 416 using the second & MV Gt Ry) + w(Vin (CxR ) + 2) +
calculation (2), is multiplied by a corresponding term of V,, & OMVin( CeRy 1)) + W(Vin(CeR})) +2)) +4) + Vin(Crr Ry X
(steps 418 and 420). Thereafter, the sum of all multiplied 10
terms is calculated (step 422) to output sub-pixel rendered

&M OMVin(CeRy1)) + W(Vin(CeR) ) +2) +

0.5% (g7 W (W(Vin(Crs1 Ry)) + W(Vin(CiR)))) +2) +

dataV_ . Then, a post-gamma correction is applied to V,, & OMVin(Cort Rys1) + W(Vin( Gt Ry)) +2) +
and output to the display (steps 424 and 426). & WMV (Cos2 Ry)) + W(Vin(Cert Ry)) £ 2) +
For e?(ample, the oquut from step 422 using the second 15 & Vi Cart Ry ) + (Vin (Cort R,) +2)) 24)
calculation (2) above is as follows for the red and green
sub-pixels:
The general formulation of the gamma-adjusted-with-
omega rendering with the cross color sharpening for super-
Vou(CeRy) = 20 native scaling (i.e., scaling ratios of 1:2 or higher) can be
Vin(CeRy) X 0.5 % (87w L (W(Vin(Coot Ry)) + W(Vin (CiR, ) £ 2) + represented as follows for the red and green sub-pixels:

W V(G Ry 1)) + W(Vin(CeR)) +2) +

T Vi Crt Ry) + W(Vin(Ce R +2) + g VoulCeRr) =

I Vi (CoRy ) + WV (CoR ) =2 + ) + Vin(CeRy) X 2 X (g7 W (Vi (Comt Ry)) + W(Vin(CiR,))) +2) +

&W M Vin(CeRye1) + W(Vin (CeR ) £ 2) +
Vin(Ceo1 Ry) X 0.125 X g 71w (W( Vi (Coot Ry)) + w(Via (CxRy ) +2) +

T W (M Vin(Crrt Ry)) + W(Vin (CoRy)) +2) +

Vin(CxRy41) X 0.125x g~

30 £ OM Vi (CRy 1)+ WV (CeR) ) +2)) +4) +
W Vi (CeRy 1)+ W(Vin(CeRy ) +2) + Vin( Cet Ry) X 12 X 7w (00(Vin(Cot Ry )+ w(Vin(CxRy ) £ 2) +
Vin(Crrt Ry) X 0.125 X g7 W (W(Vin(Cort Ry)) + W(Vin (CoR, ) 2) + Vin(CoRye) X 033 X g7
Vin(CeRy-1) X 0125 X g™t {(W(Vin(CiRy-0)) + W(Vin( G RN +2) WL (Vin(CeRy1)) + W(Vin(CxRy ) £ 2) +
Vin(Cort Ry) X ¢33 X g7 W (W(Vin(Cort Ry) + W(Vin(CeR)) £ 2) +
An additional exemplary formulation for the red and green Vi CxRy—1) X e21 X g 7w H (W(Vin(CxRy-1)) + w(Vin (Cx Ry ) +2) +

sub-pixels, which improves the previous formulation by the

cross color sharpening with the corner sharpening coefficient 4

(x) in the above-described simplified way is as follows: Vin(Cort Rye1) X €33 X g W HMVin Cot Ryt ) + W(Vin(CeR) ) +2) +
Vin(Cest Ry1) X €31 X g W ((W(Vin(Crr Ry 1)) + W(Vin(CoR ) +2) +

Vin(Cot Rye1) X013 X 7 W MVin(Comy Rya1)) + W(Vin (CxR ) +2) +

Vou(CoRy) = Vin( et Ry-1) et X g™ wH (mVin( Cot Ry-1)) + w(Vin(CeR +2) +

45 ) _v _v. _
Vin(CeRy) X 0.5 % (™ W L (MVin(Cat Ry) + w(Vin(CiR)) £ 2) + VinlCxRy) % 4% = Vin(Coot Rys1) %% = Vin Craa Ryt ) 2

& OV (CeRyp 1) 4 W(Vin(C Ry +2) + Vin(CortRy-1) %20 = Vin (Coo1 Ry-1) X 3.

& W (Vin(Cer R)) + WVin(CeR,) +2) +
£ W V(R 1) + W(Vin (CiR ) 2)) 2 4) + 5o The corresponding general formulation for the blue sub-
pixels is as follows:
Vin(Crt Ry) X 0.125 X g~ w™ {(W(Vin(Cao1 Ry)) + W(Vin(CxRy)) +2) +
Vin(CiRy41) X 0.125x g7

Vour (C, R = +Vin(CyR) Xy X R+ Vi (Cr Ry) X c3p X R +
W Vi (CoRyot ) 4 (Vi (CoR, ) 52) + out(Cer12Ry) n(CxRy) X e in(Crs1 Ry) X C30

55
Vi, (Co1 R R+ V,(C,R,_ R
Vin(Cort Ry) X 0.125 X g™ (W(Vin(Cos Ry) + (Vi (CoR, ) £2) + n(CotRy) X2 XR + Vinl CeRy-)xen xR+
Vi (Cop 1 Ry R+ V,(C,_1R,_ R
Vin(CoRy 1) X 0125 X g™ (W(Vin(CeRy 1)) + W(Vin (CoR, ) +2) + Vin(Cort Ry-) X 51 XR+ Vinl Gt Ry-) et xR,
Vin(CeRy) X 4% = Vin(C_1 Rys1) X x where R = (g~ W™ (W(Vin(Cat Ry) + W(Vin( CiR)) +2) +
inlCx Ky = Vinlbx—18y+ -
Ve G Ry 6 & A Vin(CeRys1)) + W(Vin(CeRy ) 2) +
in\Cxr Nyt

T (W(Vip(Cent R Vin(CR,))) +2
Vin(Cart Ry 1) XX = Vin(Cot Ry 1) XX & W (MVin(Cis1 Ry)) + (Vi (CiR)))) +2) +

&M Vin(CeRy 1)) + w(Vin(CiR))) £ 2)) +
T (W(Vin(Cont R Vin(CxRy)) +2
The formulation of the gamma-adjusted sub-pixel render- 4 (W OVl Gnt RN+ MVl GRD) + 29+
ing with the omega function for the blue sub-pixels is as & OMVin(Cxrt Rye1)) + W(Vin( Cr1 R +2) +

follows:
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-continued
W HMVin(Crr2Ry) + W(Vin (Crrt Ry)) +2) +

HOMVin(Cort Ry 1) + W(Vin(Cort R +

2)+2))+8).

The above methods of FIGS. 46, 49, and 51 can be imple-
mented by the exemplary systems described below. One
example of a system for implementing steps of FIG. 46 for
precondition-gamma prior to sub-pixel rendering is shown in
FIGS. 52A and 52B. The exemplary system can display
images on a panel using a thin film transistor (TFT) active
matrix liquid crystal display (AMLCD). Other types of dis-
play devices that can be used to implement the above tech-
niques include cathode ray tube (CRT) display devices.

Referring to FIG. 52A, the system includes a personal
computing device (PC) 501 coupled to a sub-pixel rendering
module 504 having a sub-pixel processing unit 500. PC 501
can include the components of computing system 750 of FIG.
71. The sub-pixel rendering module 504 in FIG. 52A is
coupled to a timing controller (TCON) 506 in FIG. 52B for
controlling output to a panel of a display. Other types of
devices that can be used for PC 501 include a portable com-
puter, hand-held computing device, personal data assistant
(PDA), or other like devices having displays. Sub-pixel ren-
dering module 504 can implement the scaling sub-pixel ren-
dering techniques described above with the gamma adjust-
ment techniques described in FIG. 46 to output sub-pixel
rendered data.

PC 501 can include a graphics controller or adapter card,
e.g., a video graphics adapter (VGA), to provide image data
for output to a display. Other types of VGA controllers that
can be used include UXGA and XGA controllers. Sub-pixel
rendering module 504 can be a separate card or board that is
configured as a field programmable gate array (FPGA), which
is programmed to perform steps as described in FIG. 46.
Alternatively, sub-pixel processing unit 500 can include an
application specific integrated circuit (ASIC) within a graph-
ics card controller of PC 501 that is configured to perform
precondition-gamma prior to sub-pixel rendering. In another
example, sub-pixel rendering module 504 can be a FPGA or
ASIC within TCON 506 for a panel of a display. Furthermore,
the sub-pixel rendering module 504 can be implemented
within one or more devices or units connected between PC
501 and TCON 506 for outputting images on a display.

Sub-pixel rendering module 504 also includes a digital
visual interface (DVI) input 508 and a low voltage differential
signaling (LVDS) output 526. Sub-pixel rendering module
504 can receive input image data via DVIinput 508 in, e.g., a
standard RGB pixel format, and perform precondition-
gamma prior to sub-pixel rendering on the image data. Sub-
pixel rendering module 504 can also send the sub-pixel ren-
dered data to TCON 506 via LVDS output 526. LVDS output
526 can be a panel interface for a display device such as a
AMLCD display device. In this manner, a display can be
coupled to any type of graphics controller or card with a DVI
output.

Sub-pixel rendering module 504 also includes an interface
509 to communicate with PC 501. Interface 509 can be an I°C
interface that allows PC 501 to control or download updates to
the gamma or coefficient tables used by sub-pixel rendering
module 504 and to access information in extended display
identification information (EDID) unit 510. In this manner,
gamma values and coefficient values can be adjusted for any
desired value. Examples of EDID information include basic
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information about a display and its capabilities such as maxi-
mum image size, color characteristics, pre-set timing fre-
quency range limits, or other like information. PC 501, e.g., at
boot-up, can read information in EDID unit 510 to determine
the type of display connected to it and how to send image data
to the display.

The operation of sub-pixel processing unit 500 operating
within sub-pixel rendering module 504 to implement steps of
FIG. 46 will now be described. For purposes of explanation,
sub-pixel processing unit 500 includes processing blocks 512
through 524 that are implemented in a large FPGA having any
number of logic components or circuitry and storage devices
to store gamma tables and/or coefficient tables. Examples of
storage devices to store these tables include read-only
memory (ROM), random access memory (RAM), or other
like memories.

Initially, PC 501 sends an input image data V,, (e.g., pixel
datain a standard RGB format) to sub-pixel rendering module
504 via DVI508. In other examples, PC 501 can send an input
image data V,,, in a sub-pixel format as described above. The
manner in which PC 501 sends V,, can be based on informa-
tion in the EDID unit 510. In one example, a graphics con-
troller within PC 501 sends red, green, and blue sub-pixel data
to sub-pixel rendering unit 500. Input latch and auto-detec-
tion block 512 detects the image data being received by DVI
508 and latches the pixel data. Timing buffer and control
block 514 provides buffering logic to buffer the pixel data
within sub-pixel processing unit 500. Here, at block 514,
timing signals can be sent to output sync-generation block
528 to allow receiving of input data V,, and sending of output
data'V_,, to be synchronized.

Precondition gamma processing block 516 processes the
image data from timing buffer and control block 514 to per-
form step 304 of FIG. 46 that calculates the function g~*
(x)=x" on the input image data V,, where the values for the
function at a given y can be obtained from a precondition-
gamma table. The image data V,, in which precondition-
gamma has been applied is stored in line buffers at line buffer
block 518. In one example, three line buffers can be used to
store three lines of input image data such as that shown in
FIG.55. Other examples of storing and processing image data
are shown in FIGS. 56-60.

Image data stored in line buffer block 518 is sampled at the
33 data sampling block 519. Here, nine values including the
center value can be sampled in registers or latches for the
sub-pixel rendering process. Coeflicient processing block
530 performs step 308, and multipliers+adder block 520 per-
forms step 306 in which g~' (x) values for each of the nine
sampled values are multiplied by filter kernel coefficient val-
ues stored in coefficient table 531 and then the multiplied
terms are added to obtain sub-pixel rendered output image
dataV,,,,.

Post gamma processing block 522 performs step 310 of
FIG.46 onV_,, in which post-gamma correction for a display
is applied. That is, post-gamma processing block 522 calcu-
lates T~1(V_,,,) for the display with a function f(x) by referring
to a post-gamma table. Output latch 524 latches the data from
post-gamma processing block 522 and LVDS output 526
sends the output image data from output latch 524 to TCON
506. Output sync-generation stage 528 controls the timing for
performing operations at blocks 516, 518, 519, 520, 530, and
522 in controlling when the output data V,, , is sent to TCON
506.

Referring to FIG. 52B, TCON 506 includes an input latch
532 to receive output data from LVDS output 524. Output
data from LVDS output 526 can include blocks of 8 bits of
image data. For example, TCON 506 can receive sub-pixel
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data based on the sub-pixel arrangements described above. In
one example, TCON 506 can receive 8-bit column data in
which odd rows proceed (e.g., RBGRBGRBG) even rows
(GBRGBRGBR). The 8-to-6 bits dithering block 534 con-
verts 8 bit data to 6 bit data for a display requiring 6-bit data
format, which is typical for many LCDs. Thus, in the example
of FIG. 52B, the display uses this 6-bit format. Block 534
sends the output data to the display via data bus 537. TCON
506 includes a reference voltage and video communication
(VCOM) voltage block 536. Block 536 provides voltage ref-
erences from DC/DC converter 538, which is used by column
driver control 539A and row driver control 539B to turn on
selectively column and row transistors within the panel of the
display. In one example, the display is a flat panel display
having a matrix of rows and columns of sub-pixels with
corresponding transistors driven by arow driver and a column
driver. The sub-pixels can have sub-pixel arrangements
described above.

One example of a system for implementing steps FIG. 49
for gamma-adjusted sub-pixel rendering is shown in FIGS.
53 A and 53B. This exemplary system is similar to the system
of FIGS. 52A and 52B except that sub-pixel processing unit
500 performs the gamma-adjusted sub-pixel rendering using
at least delay logic block 521, local average processing block
540, and pre-gamma processing block 542 while omitting
pre-condition gamma processing block 516. The operation of
the processing blocks for sub-pixel processing unit 500 of
FIG. 53A will now be explained.

Referring to FIG. 53A, PC 501 sends input image data V,,
(e.g., pixel data in a standard RGB format) to sub-pixel ren-
dering module 504 via DVI 508. In other examples, PC 501
can send an input image data V,, in a sub-pixel format as
described above. Input latch and auto-detection block 512
detects the image data being received by DVI 508 and latches
the pixel data. Timing buffer and control block 514 provides
buffering logic to buffer the pixel data within sub-pixel pro-
cessing unit 500. Here, at block 514, timing signals can be
sent to output sync-generation block 528 to allow receiving of
input data V,,, and sending of output data V,,, to be synchro-
nized.

The image data V,,, being buffered in timing and control
block 514 is stored in line buffers at line buffer block 518.
Line buffer block 518 can store image data in the same man-
ner as the same in FIG. 52A. The input data stored at line
buffer block 518 is sampled at the 3x3 data sampling block
519, which can be performed in the same manner as in FIG.
52A. Here, nine values including the center value can be
sampled in registers or latches for the gamma-adjusted sub-
rendering process. Next, local average processing block 540
of FIG. 49 performs step 354 in which the local average (a) is
calculated with the center term for each edge term.

Based on the local averages, pre-gamma processing block
542 performs step 356 of F1G. 49 for a “pre-gamma” correc-
tion as a calculation of g™'(a)=a'"! by using, e.g., a pre-
gamma look-up table (LUT). The LUT can be contained
within this block or accessed within sub-pixel rendering mod-
ule 504. Delay logic block 521 can delay providing V,, to
multipliers+adder block 520 until the local average and pre-
gamma calculation is completed. Coefficient processing
block 530 and multipliers+adder block 520 perform steps
358, 360, 362, 364, 366, 368, and 370 using coefficient table
531 as described above in FIG. 49. In particular, the value of
Cx g7 (a) from step 358, as well as the value of C “GA”
from step 364 using, e.g., the second calculation (2) described
in FIG. 49, are multiplied by a corresponding term of V,,
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(steps 366 and 368). Block 520 calculates the sum of all the
multiplied terms (step 370) to generate output sub-pixel ren-
dered data V..

Post-gamma processing block 522 and output latch 524
perform in the same manner as the same in FIG. 52A to send
output image data to TCON 506.

Output sync-generation stage 528 in FIG. 53 A controls the
timing for performing operations at blocks 518, 519, 521,
520, 530, and 522 in controlling when the output data is sent
to TCON 506 for display. The TCON 506 of FIG. 53B oper-
ates in the same manner as the same in FIG. 52B except that
output data has been derived using the method of FIG. 49.

One example of a system for implementing steps of FIG.
51 for gamma-adjusted sub-pixel rendering with an omega
function is shown in FIGS. 54A and 54B. This exemplary
system is similar to the system of FIGS. 53 A and 53B except
that sub-pixel processing unit 500 performs the gamma-ad-
justed sub-pixel rendering with an omega function using at
least omega processing block 544 and pre-gamma (w/omega)
processing block 545. The operation of the processing blocks
for sub-pixel processing unit 500 of FIG. 54A will now be
explained.

Referring to FIG. 54A, processing blocks 512, 514, 518,
and 519 operate in the same manner as the same processing
blocks in FIG. 53A. Omega function processing block 544
performs step 404 of FIG. 51 in which the omega function,
w(x)=x"/®is applied to the input image data from the 3x3 data
sampling block 519. Local average processing block 540
performs step 406 in which the omega-corrected local aver-
age () is calculated with the center term for each edge term.
Pre-gamma (w/omega) processing block 545 performs step
408 in which the output from local average processing block
540 is subjected to the calculation of g~'w~" that is imple-
mented as g~ (W' (B))=(B*)""" to perform the “pre-gamma
with omega” correction using a pre-gamma with omega LUT.

The processing blocks 520, 521, 530, 522, and 524 of FIG.
54 A operate in the same manner as the same in FIG. 53A with
the exception that the result of the pre-gamma-w-omega cor-
rection for each edge term is multiplied by a corresponding
coefficient term C,. Output sync-generation block 528 of
FIG. 54A controls the timing for performing operations at
blocks 518, 519, 521, 520, 530, and 522 in controlling when
the output data is sent to TCON 506 for display. The TCON
506 of FIG. 54B operates in the same manner as the same in
FIG. 53B except that output data has been derived using the
method of FIG. 51.

Other variations can be made to the above examples in
FIGS. 52A-52B, 53A-53B, and 54A-54B. For example, the
components of the above examples can be implemented on a
single module and selectively controlled to determine which
type of processing to be performed. For instance, such a
module may be configured with a switch or be configured to
receive commands or instructions to selectively operate the
methods of FIGS. 46, 49, and 51.

FIGS. 55 through 60 illustrate exemplary circuitry that can
be used by processing blocks within the exemplary systems
described in FIGS. 52A, 53A, and 54A. The sub-pixel ren-
dering methods described above require numerous calcula-
tions involving multiplication of coefficient filter values with
pixel values in which numerous multiplied terms are added.
The following embodiments disclose circuitry to perform
such calculations efficiently.

Referring to FIG. 55, one example of circuitry for the line
buffer block 518, 3x3 data sampling block 519, coefficient
processing block 530, and multipliers+adder block 520 (of
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FIGS. 52A, 53A, and 54A) is shown. This exemplary cir-
cuitry can perform sub-pixel rendering functions described
above.

In this example, line buffer block 518 includes line buffers
554, 556, and 558 that are tied together to store input data
(V,,)- Input data or pixel values can be stored in these line
buffers, which allow for nine pixel values to be sampled in
latches L, through L, within 3x3 data sampling block 519. By
storing nine pixel values in latches L; through L, nine pixel
values can be processed on a single clock cycle. For example,
the nine multipliers M, through M, can multiply pixel values
in the L, through L, latches with appropriate coefficient val-
ues (filter values) in coefficient table 531 to implement sub-
pixel rendering functions described above. In another imple-
mentation, the multipliers can be replaced with a read-only
memory (ROM), and the pixel values and coefficient filter
values can be used to create an address for retrieving the
multiplied terms. As shown in FIG. 55, multiple multiplica-
tions can be performed and added in an efficient manner to
perform sub-pixel rendering functions.

FIG. 56 illustrates one example of circuitry for the line
buffer block 518, 3x3 data sampling block 519, coefficient
processing block 530, and multipliers+adder block 520 using
two sum buffers in performing sub-pixel rendering functions.

As shown in FIG. 56, three latches L, through I, store pixel
values, which are fed into nine multipliers M, through M,
Multipliers M, through M, multiply the pixel values from
latches L, through L, with appropriate coefficient values in
coefficient table 531 and feed the results into adder 564 that
calculates the sum of the results and stores the sum in sum
buffer 560. Multipliers M, through My multiply the pixel
values from latches L, through L4 with appropriate coeffi-
cient values in coefficient table 531 and feed the results into
adder 566 that calculates the sum of the multiplies from M,
through M, with the output of sum buffer 560 and stores the
sum in sum buffer 562. Multipliers M, through M, multiply
the pixel values from latches L., through L, with appropriate
coefficient values in coefficient table 531 and feeds the results
into adder 568 that calculates the sum of the multiplies from
M, through M, with the output of sum buffer 562 to calculate
output V..

This example of FIG. 56 uses two partial sum buffers 560
and 562 that can store 16-bit values. By using two sum buff-
ers, this example of FIG. 56 can provide improvements over
the three line buffer example such that less buffer memory is
used.

FIG. 57 illustrates one example of circuitry that can be used
by the processing blocks of FIGS. 52A, 53A, and 54A for
implementing sub-pixel rendering functions related to red
and green pixels. Specifically, this example can be used for
the 1:1 P:Sratio resolution during sub-pixel rendering regard-
ing red and green pixels. The 1:1 case provides simple sub-
pixel rendering calculations. In this example, all the values
contained in the filter kernels are 0, 1, or a power of 2, as
shown above, which reduces the number of multipliers
needed as detailed below.

—
—

Referring to FIG. 57, nine pixel delay registers R, through
R, are shown to store pixel values. Registers R, through R,
feed into line buffer 1 (570) and the output of line buffer 1
(570) feeds into Register R,. Registers R, through R, feed
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into line buffer 2 (572). The output of line buffer 2 (572) feeds
into register R, which feeds into registers R, and R,,. Adder
575 adds values from R, and R,. Adder 576 adds values from
Rg and Rg. Adder 578 adds values from the output of adders
575 and 576. Adder 579 adds values from the output of adder
578 and the output of the barrel shifter 547 that performs a
multiply by 4 of the value from R,. The output of adder 579
feeds into a barrel shifter 574 that performs a divide by 8.

Because the 1:1 filter kernel has zeros in 4 positions (as
shown above), four of the pixel delay registers are not needed
for sub-pixel rendering because 4 of the values are 1 such that
they are added without needing multiplication as demon-
strated in FIG. 57.

FIG. 58 illustrates one example of circuitry that can be used
by the processing blocks of FIGS. 52A, 53A, and 54A for
implementing sub-pixel rendering in the case of 1:1 P:S ratio
for blue pixels. For blue pixels, only 2x2 filter kernels are
necessary, thereby allowing the necessary circuitry to be less
complicated.

Referring to F1G. 58, nine pixel delay registers R |, through
R, are shown to receive input pixel values. Registers R,
through R feed into line buffer 1 (580) and the output of line
buffer 1 (580) feeds into Register R,. Registers R, through R,
feed into line buffer 2 (582). The output of line buffer 2 (582)
feeds into register R, which feeds into registers Rg and R,,.
Adder 581 adds the values in registers R, R5, R, and Rg. The
output of the adder feeds in a barrel shifter 575 that performs
a divide by four. Because the blue pixel only involves values
in four registers and those values shift through the pixel delay
registers R, through R, and appear at four different red/green
output pixel clock cycles, the blue pixel calculation can be
performed early in the process.

FIG. 59 illustrates one example of circuitry that can be used
by the processing blocks of FIGS. 52A, 53A, and 54A for
implementing sub-pixel rendering functions for the 1:1 P:S
ratio regarding red and green pixels using two sum buffers. By
using sum buffers, the necessary circuitry can be simplified.
Referringto FIG. 59, three pixel delay registers R, through R,
are shown to receive input pixel values. Register R, feeds into
adder 591. Register R, feeds into sum buffer 1 (583), barrel
shifter 590, and adder 592. Register R, feeds into adder 591.
The output of sum buffer 1 (583) feeds into adder 591. Adder
591 adds the values from register R |, R;, and the value of R,
multiplied by 2 from barrel shifter 590. The output of adder
591 feeds into sum buffer 2 (584) that sends its output to adder
592 that adds this value with the value in R, to generate the
output.

FIG. 60 illustrates one example of circuitry that can be used
by the processing blocks of FIGS. 52A, 53A, and 54A for
implementing sub-pixel rendering functions for the 1:1 P:S
ratio regarding blue using one sum buffer. By using one sum
buffer, the necessary circuitry can be further simplified for
blue pixels. Referring to FIG. 60, two pixel delay registers R,
through R, are shown to receive input pixel values. Registers
R, and R, feed into adders 593 and 594. Adder 593 adds the
values from R1 and R2 and stores the output in sum buffer 1
(585). The output of sum buffer 1 (585) feed into adder 594.
Adder 594 adds the values from R1, R2, and sum buffer 1
(585) to generate the output.

FIG. 61 illustrates a flow diagram of a method 600 for
clocking in black pixels at edges of a display during the
sub-pixel rendering process described above. The sub-pixel
rendering calculations described above require a 3x3 matrix
of filter values for a 3x3 being applied to a matrix of pixel
values. However, for an image having a pixel at the edge of the
display, surrounding pixels may not exist around the edge
pixel to provide values for the 3x3 matrix of pixel values. The
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following method can address the problem of determining
surrounding pixel values for edge pixels. The following
method assumes all pixels at the edge of the display for an
image are black having a pixel value of zero. The method can
be implemented by input latch and auto-detection block 512,
timing buffer and control block 514, and line buffer block 518
of FIGS. 52A, 53A, and 54A.

Initially, line buffers are initialized to zero for a black pixel
before clocking in the first scan like during a vertical retrace
(step 602). The first scan line can be stored in a line buffer.
Next, a scan line is outputted as the second scan line is being
clocked in (step 604). This can occur when the calculations
for the first scan line, including one scan line of black pixels
from “off the top,” are complete. Then, an extra zero is
clocked in for a (black) pixel before clocking in the first pixel
in each scan line (step 606). Next, pixels are outputted as the
second actual pixel is being clocked in (step 608). This can
occur when the calculations for the first pixel is complete.

Another zero for a (black) pixel is clocked in after the last
actual pixel on a scan line has been clocked in (step 610). For
this method, line buffers or sum buffers, as described above,
can be configured to store two extra pixel values to store the
black pixels as described above. The two black pixels can be
clocked in during the horizontal retrace. Then, one more scan
line is clocked for all the zero (black) pixels from the above
steps after the last scan line has been clocked in. The output
can be used when the calculations for the last scan have been
completed. These steps can be completed during the vertical
retrace.

Thus, the above method can provide pixel values for the
3x3 matrix of pixel values relating to edge pixels during
sub-pixel rendering.

FIGS. 62 through 66 illustrate exemplary block diagrams
of systems to improve color resolution for images on a dis-
play. The limitations of current image systems to increase
color resolution are detailed in U.S. Provisional Patent Appli-
cation No. 60/311,138, entitled “IMPROVED GAMMA
TABLES,” filed on Aug. 8, 2001. Briefly, increasing color
resolution is expensive and difficult to implement. That is, for
example, to perform a filtering process, weighted sums are
divided by a constant value to make the total effect of the
filters result equal one. The divisor of the division calcula-
tions (as described above) can be a power of two such that the
division operation can be completed by shifting right or by
simply discarding the least significant bits. For such a pro-
cess, the least significant bits are often discarded, shifted, or
divided away and are not used. These bits, however, can be
used to increase color resolution as described below.

Referring to FIG. 62, one example block diagram of a
system is shown to perform sub-pixel rendering using wide
digital-to-analog converters or LVDS that improves color
resolution. In this example, gamma correction is not provided
and the sub-pixel rendering functions produce 11-bit results.
VGA memory 613 store image data in an 8-bit format. Sub-
pixel rendering block receives image data from VGA memory
613 and performs sub-pixel rendering functions (as described
above) on the image data providing results in a 11-bit format.
In one example, sub-pixel rendering block 614 can represent
sub-rendering processing module 504 of FIGS. 52A, 53A,
and 54A.

Sub-pixel rendering block 614 can send extra bits from the
division operation during sub-pixel rendering to be processed
by a wide DAC or LVDS output 615 if configured to handle
11-bit data. The input data can retain the 8-bit data format,
which allows existing images, software, and drivers to be
unchanged to take advantage of the increase in color quality.
Display 616 can be configured to receive image data in a
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11-bit format to provide additional color information, in con-
trast, to image data in an 8-bit format.

Referring to FIG. 63, one example block diagram of a
system is shown providing sub-pixel rendering using a wide
gamma table or look-up table (LUT) with many-in input
(11-bit) and few-out outputs (8-bit). VGA memory 617 store
image data in an 8-bit format. Sub-pixel rendering block 618
receives image data from VGA memory 617 and performs
sub-pixel rendering functions (as described above) on the
image data in which gamma correction can be applied using
gamma values from wide gamma table 619. Gamma table 619
can have an 11-bit input and an 8-bit output. In one example,
sub-pixel processing block 618 can be the same as block 614
in FIG. 62.

Block 618 can perform sub-pixel rendering functions
described above using a 11-bit wide gamma LUT from
gamma table 619 to apply gamma adjustment. The extra bits
can be stored in the wide gamma L. UT, which can have addi-
tional entries above 256. The gamma LUT of block 619 can
have an 8-bit output for the CRT DAC or LVDS LCD block
620 to display image data in a 8-bit format at display 621. By
using the wide gamma LUT, skipping output values can be
avoided.

Referring to FIG. 64, one example block diagram of a
system is shown providing sub-pixel rendering using a wide-
input wide-output gamma table or look-up table (LUT). VGA
memory 623 stores image data in an 8-bit format. Sub-pixel
rendering block 624 receives image data from VGA memory
623 and performs sub-pixel rendering functions (as described
above) on the image data in which gamma correction can be
applied using gamma values from gamma table 626. Gamma
table 626 can have an 11-bit input and a 14-bit output. In one
example, sub-pixel processing block 624 can be the same as
block 618 in FIG. 63.

Block 624 can perform sub-pixel rendering functions
described above using a 11-bit wide gamma LUT from
gamma table 619 having a 14-bit output to apply gamma
adjustment. A wide DAC or LVDS at block 627 can receive
output in a 14-bit format to output data on display 628, which
can be configured to accept data in a 14-bit format. The wide
gamma LUT of block 626 can have more output bits than the
original input data (i.e., a Few-In Many-Out or FIMO LUT).
In this example, by using such a LUT, more output colors can
be provided than originally available with the source image.

Referring to FIG. 65, one exemplary block diagram of a
system is shown providing sub-pixel rendering using the
same type of gamma table as in FIG. 64 and a spatio-temporal
dithering block. VGA memory 629 stores image data in an
8-bit format. Sub-pixel rendering block 630 receives image
data from VGA memory 629 and performs sub-pixel render-
ing functions (as described above) on the image data in which
gamma correction can be applied using gamma values from
gamma table 631. Gamma table 631 can have an 11-bit input
and a 14-bit output. In one example, sub-pixel processing
block 640 can be the same as block 624 in FIG. 64.

Block 630 can perform sub-pixel rendering functions
described above using a 11-bit wide gamma LUT from
gamma table 631 having a 14-bit output to apply gamma
adjustment. The spatio-temporal dithering block 632 receive
14-bit data and output 8-bit data to a 8-bit CD LVDS for a
LCD display 634. Thus, existing LVDS drivers and LCD
displays could be used without expensive re-designs of the
LVDS drivers, timing controller, or LCD panel, which pro-
vide advantages over the exemplary system of FIG. 63.

Referring to FIG. 66, one exemplary block diagram of a
system is shown providing sub-pixel rendering using a pre-
compensation look-up table (LUT) to compensate for the
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non-linear gamma response of output displays to improve
image quality. VGA memory 635 stores image data inan 8-bit
format. Pre-compensation look-up table block 636 can store
values in an inverse gamma correction table, which can com-
pensate for the gamma response curve of the output display
on the image data in VGA memory 635. The gamma values in
the correction tables provide 26-bit values to provide neces-
sary gamma correction values for a gamma equal to, e.g., 3.3.
Sub-pixel rendering processing block 637 can provide pre-
compensation as described above using gamma values in
table 636.

In this manner, the exemplary system applies sub-pixel
rendering in the same “color space” as the output display and
not in the color space of the input image as stored VGA
memory 635. Sub-pixel processing block 637 can send pro-
cessed data to a gamma output generate block 638 to perform
post-gamma correction as described above. This block can
receive 29-bit input data and output 14-bit data. Spatio-tem-
poral dithering block 639 can convert data received from
gamma output generate block 638 for a an 8-bit LVDS block
640 to output an image on display 641.

FIGS. 67 through 69 illustrate exemplary embodiments of
a function evaluator to perform mathematical calculations
such as generating gamma output values at high speeds. The
following embodiments can generate a small number of
gamma output values from a large number of input values.
The calculations can use functions that are monotonically
increasing such as, for example, square root, power curves,
and trigonometric functions. This is particularly useful in
generating gamma correction curves.

The following embodiments can use a binary search opera-
tion having multiple stages that use a small parameter table.
For example, each stage of the binary search results in one
more bit of precision in the output value. In this manner, eight
stages can be used in the case of an 8-bit output gamma
correction function. The number of stages can be dependent
on the data format size for the gamma correction function.
Each stage can be completed in parallel on a different input
value thus the following embodiments can use a serial pipe-
line to accept a new input value on each clock cycle.

The stages for the function evaluator are shown in FIGS. 69
and 70. FIG. 67 illustrates the internal components of a stage
of the function evaluator. Each stage can have a similar struc-
ture. Referring to FIG. 67, the stage receives three input
values including an 8-bit input value, a 4-bit approximation
value, and a clock signal. The 8-bit input value feeds into a
comparator 656 and an input latch 652. The 4-bit approxima-
tion value feeds into the approximation latch 658. The clock
signal is coupled to comparator 21, input latch 652, a single-
bit result latch 660, approximation latch 658, and parameter
memory 654. Parameter memory may include a RAM or
ROM and to store parameters values, e.g., parameter values as
shown in FIG. 68. These parameter values correspond to the
function of sqrt(x) for exemplary purposes. The 8-bit input
and 4-bit approximation values are exemplary and can have
other bit formats. For example, the input can be a 24-bit value
and the approximation value can be an 8-bit value.

The operation of the stage will now be explained. On the
rising edge of the clock signal, the approximation value is
used to look up one of the parameter values in a parameter
memory 654. The output from the parameter memory 654 is
compared with the 8-bit input value by comparator 656 and to
generate a result bit that is fed into result latch 660. In one
example, the result bit is a 1 if the input value is greater than
orequal to the parameter value and a 0 if the input value is less
than the parameter value. On the trailing edges of the clock
signal, the input value, resulting bit, and approximation val-
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ues are latched into latches 652, 660, 658, respectively, to the
hold the values for the next stage. Referring to FIG. 68, a
parameter table, which may be stored in parameter memory
654, to a function that calculates the square root of 8-bit
values. The function can be for any type of gamma correction
function and the resulting values can be rounded.

FIG. 69 illustrates one embodiment of four stages (stage
1-stage 4) to implement a function evaluator. Each of these
stages can include the same components of FIG. 67 and be of
identical construction. For example, each stage can include
parameter memories storing the table of FIG. 68 such that the
stage pipeline will implement a square root function. The
operation of the function evaluator will now be explained. An
8-bit input value is provided to stage 1 as values flow from
stage 1to stage 4 and then finally to the output with successive
clock cycles. That is, for each clock, the square root of each
8-bit value is calculated and output is provided after stage 4.

In one example, stage 1 can have approximation value
initialized to 1,000 (binary) and the resulting bit of stage 1
outputs the correct value of the most significant bit (MSB),
which is fed into as the MSB of the stage 2. At this point,
approximation latches of each stage pass this MSB on until it
reaches the output. In a similar manner, stage 2 has the second
MSB set to 1 on input and generates the second MSB of the
output. The stage 3 has the third MSB set to 1 and generates
the third MSB of the output. Stage 4 has the last approxima-
tion bit set to 1 and generates the final bit of the resulting
output. In the example of FIG. 69, stages 1-4 are identical to
simplify fabrication.

Other variations to the each of the stages can be imple-
mented. For example, to avoid inefficiently using internal
components, in stage 1, the parameter memory can be
replaced by a single latch containing the middle values
because all the input approximation bits are set to known
fixed values. Stage 2 has only one unknown bit in the input
approximation value, so only two latches containing the val-
ues half way between the middle and the end values from the
parameter RAM are necessary. The third stage 3 only looks at
four values, and the fourth stage 4 only looks at eight values.
This means that four identical copies of the parameter RAM
are unnecessary. Instead, if each stage is designed to have the
minimum amount of parameter RAM that it needs, the
amount of storage needed is equal to only one copy of the
parameter RAM. Unfortunately, each stage requires a sepa-
rate RAM with its own address decode, since each stage will
be looking up parameter values for a different input value on
eachclock cycle. (This is very simple for the first stage, which
has only one value to “look up”).

FIG. 70 illustrates how the stages of FIG. 69 can be opti-
mized for a function evaluator. For example, unnecessary
output latches of stage 1 can be omitted and the approximate
latch can be omitted from stage 1. Thus, a single latch 672
coupled to comparator 665 and latch 669 can be used for stage
1. At stage 2, only one bit of the approximation latch 674 is
necessary, while in stage 3 only two bits of the approximation
latch 676 and 677 are necessary. This continues until stage 4
in which all but one of the bits is implemented thereby having
latches 680, 681, and 682. In certain instances, the least
significant bit is not necessary. Other variations to this con-
figuration include removing the input value 683 latch of stage
4 because it is not connected to another stage.

FIG. 71 illustrates a flow diagram of one exemplary soft-
ware implementation 700 of the methods described above. A
computer system, such as computer system 750 of FIG. 72,
can be used to perform this software implementation. Refer-
ring to FIG. 70, initially, an application 702 creates an image
that is to be displayed. A graphical device interface (GDI) 704
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sends the image data (V,,,) for output to a display. A sub-pixel
rendering and gamma correction application 708 intercepts
the input image data V,, that is being directed to a device data
interface (DDI) 706. This application 708 can perform
instructions that implement the methods illustrated in FIGS.
46, 49 and 51. DDI 706 stores received image data into a
frame buffer memory 716 through a VGA controller 714, and
VGA controller 714 outputs the stored image data to adisplay
718 through a DVI cable.

Application 708 intercepts graphics calls from GDI 704,
directing the system to render conventional image data to a
system memory buffer 710 rather than to the graphics adapt-
er’s frame buffer 716. Application 708 then converts this
conventional image data to sub-pixel rendered data. The sub-
pixel rendered data is written to another system memory
buffer 712 where the graphics card then formats and transfers
the datato the display through the DVI cable. Application 708
can prearrange the colors in the PenTile™ sub-pixel order.
Windows DDI 706 receives the sub-pixel rendered data from
system memory buffer 712, and works on the received data as
if the data came from Windows GDI 704.

FIG. 72 is an internal block diagram of an exemplary
computer system 750 for implementing methods of FIGS. 46,
49, and 51 and/or software implementation 700 of FIG. 71.
Computer system 750 includes several components all inter-
connected via a system bus 760. An example of system bus
760 is a bidirectional system bus having thirty-two data and
address lines for accessing a memory 765 and for transferring
data among the components. Alternatively, multiplexed data/
address lines may be used instead of separate data and address
lines. Examples of memory 765 include a random access
memory (RAM), read-only memory (ROM), video memory,
flash memory, or other appropriate memory devices. Addi-
tional memory devices may be included in computer system
750 such as, for example, fixed and removable media (includ-
ing magnetic, optical, or magnetic optical storage media).

Computer system 750 may communicate with other com-
puting systems via a network interface 785. Examples of
network interface 785 include Ethernet or dial-up telephone
connections. Computer system 200 may also receive input via
input/output (I/O) devices 770. Examples of I/O devices 770
include a keyboard, pointing device, or other appropriate
input devices. I/O devices 770 may also represent external
storage devices or computing systems or subsystems.

Computer system 750 contains a central processing unit
(CPU) 755, examples of which include the Pentium® family
of microprocessors manufactured by Intel® Corporation.
However, any other suitable microprocessor, micro-, mini-, or
mainframe type processor may be used for computer system
750. CPU 755 is configured to carry out the methods
described above in accordance with a program stored in
memory 765 using gamma and/or coefficient tables also
stored in memory 765.

Memory 765 may store instructions or code for implement-
ing the program that causes computer system 750 to perform
the methods of FIGS. 46, 49, and 51 and software implemen-
tation 700 of FIG. 71. Further, computer system 750 contains
a display interface 780 that outputs sub-pixel rendered data,
which is generated through the methods of FIGS. 46, 49, and
51, to a display.

Certain embodiments of the gamma adjustment described
herein allow the luminance for the sub-pixel arrangement to
match the non-linear gamma response of the human eye’s
luminance channel, while the chrominance can match the
linear response of the human eye’s chrominance channels.
The gamma correction in certain embodiments allow the
algorithms to operate independently of the actual gamma of a
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display device. The sub-pixel rendering techniques described
herein, with respect to certain embodiments with gamma
adjustment, can be optimized for a display device gamma to
improve response time, dot inversion balance, and contrast
because gamma correction and compensation of the sub-pixel
rendering algorithm provide the desired gamma through sub-
pixel rendering. Certain embodiments of these techniques can
adhere to any specified gamma transfer curve.

Exemplary C code that may be used for implementing the
methods disclosed herein is provided in an Appendix to the
parent application, U.S. Ser. No. 10/150,355, which is pub-
lished as U.S. Patent Application Publication No. 2003/
0103058 and incorporated herein by reference. The C code,
which is subject to copyright protection in which the copy-
right owner reserves all copyrights contained herein, may be
translated for any other appropriate executable programming
language to implement the techniques disclosed herein.

In the foregoing specification, several exemplary embodi-
ments have been described. It will, however, be evident that
various modifications and changes may be made to these
embodiments without departing from the broader spirit and
scope of the invention as set forth in the appended claims. The
specification and drawings are, accordingly, to be regarded in
an illustrative sense rather than in a restrictive sense.

What is claimed is:

1. A method of rendering sampled data of an image on a
display panel substantially comprising an arrangement of
sub-pixel elements in at least two primary colors; the method
comprising:

receiving the sampled data comprising a plurality of first

data values, each of the first data values indicating a
value for one color in the image;
for each of a subset of sampled data indicating a region of
the image, generating a gamma-adjusted data value for
each first data value in the subset using an average of said
first data value and at least one other first data value in
the subset;
for each of a subset of gamma-adjusted data values, per-
forming a sub-pixel rendering operation using the subset
of gamma-adjusted data values and the subset of first
data values to produce an output data value for one ofthe
sub-pixel elements on the display panel; a plurality of
output data values collectively forming sub-pixel ren-
dered image data indicating an output image; and

outputting said sub-pixel rendered image data for render-
ing on the display panel.

2. The method of claim 1 wherein said sampled data of said
image is specified in a first data format and said arrangement
of sub-pixel elements of said display panel indicates a second
data format; said wherein said sub-pixel rendering operation
converts said sampled data from said first format to output
data values collectively forming sub-pixel rendered image
data in said second format.

3. The method of claim 1 wherein said arrangement of
sub-pixel elements on said display panel substantially com-
prises alternating red and green sub-pixel elements on at least
one of a horizontal and vertical axis.

4. The method of claim 1 wherein generating the gamma-
adjusted data value further comprises applying a gamma-
adjustment function to said average; said gamma-adjustment
function being an inverse of a function of response of human
eyes to luminance.

5. The method of claim 4 further comprising

applying an input-data-adjustment function to said first

data values in said subset of sampled data to produce
adjusted first data values; and
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wherein generating the gamma-adjusted data value further
comprises applying said gamma-adjustment function
and an inverse of said input-data-adjustment function to
an average of said adjusted first data value and at least
one other adjusted first data value in the subset.

6. The method of claim 5 wherein applying said input-data-
adjustment function and the inverse of said input-data-adjust-
ment function has a property of adjusting a first data value in
said subset more when said first data value and an adjacent
first data value indicate a high spatial frequency portion of
said image than when said first data value and an adjacent first
data value indicate a low spatial frequency portion of said
image.

7. The method of claim 1 wherein generating the gamma-
adjusted data value further comprises applying a function
denoted as g-inverse, defined as

g (@=ar!

wherein o is said average of said first data value and at least
one other first data value in the subset and y is a constant
selected to implement a response function of human eyes to
luminance in the function g(x)=x1/y.

8. The method of claim 1 wherein generating said gamma-
adjusted data value for each first data value in the subset
comprises:

calculating an omega-adjusted local average for each first

data value based on the sampled data; and

generating the gamma-adjusted data value using the

omega-adjusted local average.

9. The method of claim 8 wherein calculating said omega-
adjusted local average comprises applying an omega func-
tion, w, to each of said first data values prior to calculating
said omega-adjusted local average; said omega function
being defined as

W=

wherein x is said first data value, and w is selected in the range
O<w=1; and

wherein generating the gamma-adjusted data value using

the omega-adjusted local average is computed using the
formula

g )=

wherein w™!(x) is an inverse of w(x), fis the omega-
adjusted local average, the function g™* is a gamma-
adjustment function defined as an inverse function of
response of human eyes to luminance, and y is a constant
selected to implement a response function of human
eyes to luminance the function g(x)=x1/y.

10. The method of claim 1 further comprising performing
post-gamma correction on the sub-pixel rendered image data;
the post-gamma correction compensating for a gamma func-
tion with which the display is equipped.

11. The method of claim 1 wherein said step of generating
said gamma-adjusted data value for each first data value in the
subset comprises computing a local average of pairs of adja-
cent first data values in said subset of sampled data.

12. The method of claim 1 wherein the first data values in
each subset of sampled data comprise edge data values and a
center data value, and wherein generating the gamma-ad-
justed data value for each edge data value in each subset of
sampled data comprises:

calculating an edge average of said edge data value and the

center data value; and

generating the gamma-adjusted data value for the edge data

value using said edge average.
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13. The method of claim 12 wherein generating the
gamma-adjusted data value for the center data value in each
subset of sampled data comprises computing an average of
the gamma-adjusted data values for a plurality of edge data
values.

14. The method of claim 1 wherein the first data values in
each subset of sampled data comprise edge data values and a
center data value; and wherein generating the gamma-ad-
justed data value for the center data value in each subset of
sampled data comprises computing a center average as a sum
of'a plurality of the edge data values in the subset of sampled
data weighted by the center data value.

15. The method of claim 14 wherein said sub-pixel render-
ing operation further uses an image filter comprising a matrix
of a plurality of coefficients to produce said sub-pixel ren-
dered image data;

wherein each subset of the sampled data comprises first

data values; and

wherein generating the gamma-adjusted data value for the

center data value in each subset of sampled data further
comprises using positions of said coefficients in said
image filter matrix to determine which edge data values
to use in computing the center average.

16. The method of claim 1 wherein the first data values in
each subset of sampled data comprise edge data values and a
center data value, and wherein generating the gamma-ad-
justed data value for the center data value in each subset of
sampled data comprises:

calculating a center average comprising:

adding a plurality of said edge data values in said subset
of'sampled data to produce a summed edge data value;

multiplying the summed edge data value by the center
data value; and

dividing by a divisor to produce said center average; and

generating the gamma-adjusted data value for the center
data value using said center average.

17. The method of claim 1 wherein performing said sub-
pixel rendering operation comprises multiplying the subset of
gamma-adjusted data values by coefficients in an image filter
kernel to produce a plurality of first products, multiplying
said plurality of first products by said first data values to
produce a plurality of second products; and summing said
plurality of second products to produce said output data
value.

18. The method of claim 17 wherein each sub-pixel ele-
ment in said arrangement on said display panel defines a
resample area; and wherein each of the coefficients in said
image filter kernel represents a percentage that said resample
area overlaps respective portions of said region of the image
represented by said subset of sampled data.

19. The method of claim 1 wherein the subset of sampled
data comprises corner data values, edge data values other than
the corner data values, and a center data value; and wherein
performing said sub-pixel rendering operation further com-
prises applying a sharpening filter having an effect of weak-
ening a contribution of the corner data values and strength-
ening a contribution of the center data value to said output
data value produced by said sub-pixel rendering operation.

20. The method of claim 19 wherein said subset of sampled
data indicating a region of the image comprises first data
values in a first primary color; wherein said sub-pixel render-
ing operation produces said output data value for a first pri-
mary color sub-pixel on said display panel; and wherein said
sharpening filter uses a second subset of sampled data indi-
cating the region of the image comprising first data values in
a second primary color to weaken the contribution of the
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corner data values and strengthen the contribution of the
center data value to said output data value.

21. The method of claim 1 wherein the subset of first data
values comprises corner data values, edge data values other
than the corner data values, and a center data value, and
wherein performing said sub-pixel rendering operation com-
prises applying a rendering-plus-sharpening filter to said sub-
set of gamma-adjusted data values; said rendering-plus-
sharpening filter comprising

Ci1—X €21 C31—X
ciy Cyy +4x [
Ci3—X C23 C33—X

wherein (—x) is a corner sharpening coefficient, (+4x) is a
center sharpening coefficient, and (c,,, ¢;5, . . . , C33) are
rendering coefficients.

22. A display system comprising:

adisplay panel substantially comprising an arrangement of
sub-pixel elements in a least two primary colors;

input image data receiving circuitry configured to receive
sampled data of an image comprising a plurality of first
data values, each of the first data values indicating a
value for a primary color in the image;

local averaging circuitry configured to receive a subset of
sampled data comprising said first data values and indi-
cating a region of the image; said local averaging cir-
cuitry further configured to compute, for each of said
first data values in said subset, an average of said first
data value and at least one other first data value in the
subset;

a gamma adjustment component configured to receive said
averages and to generate gamma-adjusted data values
for said first data values in said subset using said aver-
ages;

asub-pixel rendering component configured to receive said
gamma-adjusted data values and to produce an output
data value for each of said sub-pixel elements on the
display panel; a plurality of output data values collec-
tively forming sub-pixel rendered image data indicating
an output image;

driver circuitry configured to send signals indicating said
sub-pixel rendered image data to said display panel for
rendering on said display panel.

23. The display system of claim 22 further comprising a
post-gamma correction component configured to receive said
sub-pixel rendered image data indicating said output image;
the post-gamma correction component compensating for a
gamma function with which the display panel is equipped.

24. The display system of claim 22 wherein said local
averaging circuitry computes an average using pairs of adja-
cent first data values in said subset of sampled data.

25. The display system of claim 22 wherein said gamma
adjustment component comprises circuitry configured to
apply a gamma-adjustment function to said averages; said
gamma-adjustment function being an inverse of a function of
response of human eyes to luminance.

26. The display system of claim 22, wherein the first data
values in said subset of sampled data comprise edge data
values and a center data value; wherein said local averaging
circuitry computes an edge average of said edge data value
and the center data value; and wherein said gamma adjust-
ment component generates said gamma-adjusted data value
for said edge data value using said edge average.
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27. The display system of claim 26 wherein said gamma
adjustment component generates said gamma-adjusted data
value for said center data value using an average of the
gamma-adjusted data values for a plurality of edge data val-
ues.

28. The display system of claim 22, wherein said arrange-
ment of sub-pixel elements on said display panel substan-
tially comprises alternating red and green sub-pixel elements
on at least one of a horizontal and vertical axis.

29. The display system of claim 22, wherein said sampled
data of said image is specified in a first data format and said
arrangement of sub-pixel elements of said display panel indi-
cates a second data format; said wherein said sub-pixel ren-
dering component converts said sampled data from said first
format to output data values collectively forming sub-pixel
rendered image data in said second format.

30. The display system of claim 22, wherein said sub-pixel
rendering component further comprises first multiplying cir-
cuitry for multiplying said gamma-adjusted data of said sub-
set of sampled data by a plurality of coefficients in an image
filter kernel to produce a plurality of first products; second
multiplying circuitry for multiplying said plurality of first
products by said first data values in said subset to produce a
plurality of second products; and summing circuitry for add-
ing said plurality of second products to produce said output
data value.

31. The display system of claim 22, wherein the subset of
sampled data comprises corner data values, edge data values
other than the corner data values, and a center data value; and
wherein said sub-pixel rendering component further com-
prises sharpening circuitry configured to apply a sharpening
filter having an effect of weakening a contribution of the
comer data values and strengthening a contribution of the
center data value to said output data value produced by said
sub-pixel rendering component.

32. A machine readable medium storing instructions, said
instructions when executed by a processor causing the pro-
cessor to render sampled data of an image on a display panel
substantially comprising an arrangement of sub-pixel ele-
ments in at least two primary colors; said instructions when
executed by a processor performing a method comprising:

receiving the sampled data comprising a plurality of first

data values, each of the first data values indicating a
value for one color in the image;

for each of a subset of sampled data indicating a region of

the image, generating a gamma-adjusted data value for
each first data value in the subset using an average of said
first data value and at least one other first data value in
the subset;

for each of a subset of gamma-adjusted data values, per-

forming a sub-pixel rendering operation using the subset
of gamma-adjusted data values and the subset of first
data values to produce an output data value for one of the
sub-pixel elements on the display; a plurality of output
data values collectively forming sub-pixel rendered
image data indicating an output image;

outputting said sub-pixel rendered image data.

33. The machine readable medium of claim 32 wherein
said instructions for generating the gamma-adjusted data
value further comprise instructions for applying a gamma-
adjustment function to said average; said gamma-adjustment
function being an inverse of a function of response of human
eyes to luminance.
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