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(57) ABSTRACT

A method for down-up sampling of image sensor data
includes the steps of down sampling green pixels in a super
Bayer pattern of image sensor data, where a decimation
factor of the downsampling corresponds to a size of a color
cluster in the super Bayer pattern, where two green pixels
that are those closest to a non-green pixel cluster remain in
each green cluster after downsampling, and wherein each
non-green pixel cluster is bordered by four downsampled
green pixels, and up sampling non-green color pixels in a
non-green cluster from the remaining green pixels that are
closest to the non-green cluster by a bilinear interpolation of
each non-green pixel with respect to the closest remaining
green pixels, where the up sampling of the non-green color
pixels is guided by a compressed array that corresponds to
the image sensor data.
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IMAGE SENSOR DOWN-UP SAMPLING
USING A COMPRESSED GUIDE

TECHNICAL FIELD

[0001] Embodiments of the present disclosure are directed
to methods for image processing using a CMOS sensor.
More particularly, embodiments of the present disclosure are
directed to the compensation of processing high resolution
sensors using a sampled variation of the Bayer color filter
array.

DISCUSSION OF THE RELATED ART

[0002] High resolution CMOS sensor patterns can acquire
large amounts of information from a scene, but the infor-
mation is unevenly distributed. A challenge in using these
patterns is adjusting them to the standard Bayer pattern, and
distributing the data of the scene evenly across the image. A
color filter army (CFA) is an array of color filters placed over
the sensors of an image sensor to capture color information.
A Bayer filter mosaic is a commonly used CFA of RGB color
filters on a square grid of photosensors that is 50% green,
25% red and 25% blue. It uses twice as many green elements
as red or blue to mimic the physiology of the human eye,
which in daylight is most sensitive to green light. Sample
values sensed by the photosensors become image pixels
after being interpolated. The raw output of Bayer-filter
cameras is referred to as a Bayer pattern. A simple Bayer
pattern has a repeated 2x2 pixel pattern with one red pixel,
one blue pixel, and two diagonally opposed green pixels,
while a super Bayer pattern comprises clusters of same
colored pixels that mimic the arrangement of the simple
Bayer pattern. However, since each pixel is filtered to record
only one of three colors, the data from each pixel cannot
fully specify each of the red, green, and blue values on its
own. To obtain a full-color image, a demosaicing algorithm
is used to interpolate a set of complete red, green, and blue
values for each pixel. These algorithms make use of the
colors of the surrounding pixels to estimate the color values
for a particular pixel.

SUMMARY

[0003] Exemplary embodiments of the present disclosure
are directed to systems and methods for estimating a full
resolution grey pixel image from a down sampled CFA
image, guided by compresses data from the full resolution
image. Resolution loss in the down sampling process is
compensated by a high resolution but low bittage guide such
as an edge map or a direction map.

[0004] According to an embodiment of the disclosure,
there is provided a method for down-up sampling of image
sensor data, including the steps of: down sampling green
pixels in a super Bayer pattern of image sensor data, wherein
a decimation factor of the downsampling corresponds to a
size of a color cluster in the super Bayer pattern, wherein
two green pixels that are those closest to a non-green pixel
cluster remain in each green cluster after downsampling, and
wherein each non-green pixel cluster is bordered by four
downsampled green pixels; and up sampling non-green
color pixels in a non-green cluster from the remaining green
pixels that are closest to the non-green cluster by a bilinear
interpolation of each non-green pixel with respect to the
closest remaining green pixels, wherein the up sampling of
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the non-green color pixels is guided by a compressed array
that corresponds to the image sensor data.

[0005] According to a further embodiment of the disclo-
sure, the decimation factor for an nxn color pixel array is n,
and down sampling green pixels comprises keeping pixels at
two diagonally opposites corners of the nxn color pixel array
while flipping the diagonally opposite corners for alternate
pixel array rows.

[0006] According to a further embodiment of the disclo-
sure, the compressed array is one of a pixel direction map or
an edge map, where the pixel direction map specifies one of
six directions for each pixel, wherein the six directions are
horizontal, vertical, slash, backslash, flat, and unknown.

[0007] According to a further embodiment of the disclo-
sure, the pixel direction map is determined by splitting the
image sensor data into red, green and blue clusters. The
method further includes, within each cluster, determining if
each pixel is flat by using a max-min measurement for each
pixel and comparing the max-min measurement to a thresh-
old, wherein if the max-min measurement for a pixel is
below this threshold, the pixel is determined to be flat, and
if the pixel is determined to be non-flat, determining a
direction for the pixel.

[0008] According to a further embodiment of the disclo-
sure, determining if each pixel is flat further comprises
associating a patch of pixels about each pixel, wherein the
pixel patch is larger than a size of the color pixel array,
calculating the max-min for each color group of pixels
within the pixel patch, and determining a pixel at a center of
the pixel patch to be flat when all three max-min values are
below the threshold.

[0009] According to a further embodiment of the disclo-
sure, determining a direction for the pixel comprises calcu-
lating the difference between every pair of adjacent pixels
with the same color in the patch for the horizontal, vertical,
slash and backslash directions, summing the differences in
the same direction, and selecting a summation with a lowest
sum of differences as a direction for the pixel at the center
of the patch, wherein if a pixel direction’s difference is not
smaller than the other directions’ differences within a pre-
determined interval, the pixel’s direction is denoted as
unknown.

[0010] According to a further embodiment of the disclo-
sure, up sampling non-green color pixels in a non-green
cluster using the direction map includes interpolating a flat
or unknown direction pixel p in a cluster being up sampled
from the down sampled green pixels g,, g,, g; and g,
according to

(A-dJA-dy)

d(A-d,)  dd, (A-dyd,
A? * —a

a2 St op st a2

p= g+ g

wherein A is an edge length of the cluster being up sampled
and (d,, d,) are the distances of pixel p from green pixel g ;
interpolating a horizontal, vertical, slash or backslash direc-
tion pixel p in the cluster being up sampled according to

d d
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when there are down sampled green pixels g, g, collinear to
pixel p in the direction, wherein [d,, d,] are distances from
pixel p to the collinear down sampled green pixels g;, g,,
respectively; interpolating a horizontal or vertical direction
pixel p in the cluster being up sampled, when there are no
down sampled green pixels collinear to pixel p in the
direction, according to

1
p=5(p+ P
R b d
=g + —
71 dl +d2g1 dl +d2g2’
R d4 d3
Py =

B B
AL AaLE

wherein p, and p, are two pixels closest to pixel p for which
there are collinear down sampled green pixels, g,, g, are the
collinear down sampled green pixels closest to p, and [d,,
d,] are distances from pixel p, to the collinear down sampled
green pixels g,, g,, respectively, and g,, g, are the collinear
down sampled green pixels closest to p, and [d;, d,] are
distances from pixel p, to the collinear down sampled green
pixels g5, g, respectively; and interpolating a slash or
backslash direction pixel p in the cluster being up sampled,
when there are no down sampled green pixels collinear to
pixel p in the direction, according to

1
p= 5(51 +22),

d
PP ALY
+ d

& +ds 84>

L
AT ara®

A _ 4
02_—d3+d4g3

wherein ¢, and c, are two corner points closest to pixel p for
which there are collinear down sampled green pixels, g;, g,
are the collinear down sampled green pixels closest to ¢, and
[d,, d,] are distances from point ¢, to the collinear down
sampled green pixels g;, g,, respectively, and g, g, are the
collinear down sampled green pixels closest to ¢, and [d;,
d,] are distances from point p, to the collinear down sampled
green pixels g, g,, respectively.

[0011] According to a further embodiment of the disclo-
sure, up sampling non-green color pixels in a non-green
cluster using the edge map includes drawing imaginary
straight lines from a pixel p to be up sampled to each of the
four down sampled green pixels, and eliminating a down
sampled green pixel g, when an imaginary straight lines
from a pixel p to down sampled green pixel g, crosses an
edge pixel; and interpolating p from the four down sampled
green pixels g, g,, g; and g, according to

4

Wi &i
. =Lk . (A-d)NA-d)
b=—7F wherein wy = —
2 Wi
i=Lik
_ d(A—d,) _ dyd, - dy)d,
Wy = ———— W = s and wy = —a—,

wherein A is an edge length of the cluster being up sampled
and (d,, d,) are the distances of pixel p from green pixel g,
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wherein if all four downsampled green pixels are eliminated,
interpolating p from the closest down sampled pixel:
ﬁ:gclosest'

[0012] According to another embodiment of the disclo-
sure, there is provided a non-transitory program storage
device readable by a computer, tangibly embodying a pro-
gram of instructions executed by the computer to perform a
method for down-up sampling of image sensor data, wherein
the method includes the steps of: down sampling green
pixels in a super Bayer pattern of image sensor data, wherein
the decimation factor for an nxn color pixel array is n?, and
wherein down sampling green pixels comprises keeping
pixels at two diagonally opposites corners of the nxn color
pixel array while flipping the diagonally opposite corners for
alternate pixel array rows; and up sampling non-green color
pixels in a non-green cluster from the remaining green pixels
that are closest to the non-green cluster by a bilinear
interpolation of each non-green pixel with respect to the
closest remaining green pixels, wherein the up sampling of
the non-green color pixels is guided by a compressed array
that corresponds to the image sensor data.

[0013] According to a further embodiment of the disclo-
sure, a decimation factor of the downsampling corresponds
to a size of a color cluster in the super Bayer pattern, and
wherein two green pixels that are those closest to a non-
green pixel cluster remain in each green cluster after down-
sampling, and wherein each non-green pixel cluster is bor-
dered by four downsampled green pixels.

[0014] According to a further embodiment of the disclo-
sure, the compressed array is one of a pixel direction map or
an edge map, wherein the pixel direction map specifies one
of'six directions for each pixel, wherein the six directions are
horizontal, vertical, slash, backslash, flat, and unknown.
[0015] According to a further embodiment of the disclo-
sure, the pixel direction map is determined by splitting the
image sensor data into red, green and blue clusters. The
method further comprises, within each cluster, determining
if each pixel is flat by using a max-min measurement for
each pixel and comparing the max-min measurement to a
threshold, wherein if the max-min measurement for a pixel
is below this threshold, the pixel is determined to be flat, and
if the pixel is determined to be non-flat, determining a
direction for the pixel.

[0016] According to a further embodiment of the disclo-
sure, determining if each pixel is flat further comprises
associating a patch of pixels about each pixel, wherein the
pixel patch is larger than a size of the color pixel array,
calculating the max-min for each color group of pixels
within the pixel patch, and determining a pixel at a center of
the pixel patch to be flat when all three max-min values are
below the threshold.

[0017] According to a further embodiment of the disclo-
sure, determining a direction for the pixel includes calcu-
lating the difference between every pair of adjacent pixels
with the same color in the patch for the horizontal, vertical,
slash and backslash directions, summing the differences in
the same direction, and selecting a summation with a lowest
sum of differences as a direction for the pixel at the center
of the patch, wherein if a pixel direction’s difference is not
smaller than the other directions’ differences within a pre-
determined interval, the pixel’s direction is denoted as
unknown.

[0018] According to a further embodiment of the disclo-
sure, up sampling non-green color pixels in a non-green
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cluster using the direction map includes interpolating a flat
or unknown direction pixel p in a cluster being up sampled
from the down sampled green pixels g,, g,, g; and g,
according to

(A-d)A-dy)
A2

d(A-dy) d.d,

(A -dd,
AT et

A2

p= g+ g+ g4,

wherein A is an edge length of the cluster being up sampled
and (d,, d,) are the distances of pixel p from green pixel g;;
interpolating a horizontal, vertical, slash or backslash direc-
tion pixel p in the cluster being up sampled according to

d d

L= mgl * dy +d2g2’

Sy

when there are down sampled green pixels g, g, collinear to
pixel p in the direction, wherein [d,, d,] are distances from
pixel p to the collinear down sampled green pixels g;, g,,
respectively; interpolating a horizontal or vertical direction
pixel p in the cluster being up sampled, when there are no
down sampled green pixels collinear to pixel p in the
direction, according to

p= %(ﬁl +p2)
N d d
P = mgl 4 +d282,
N dy d
P2 = mgl 4 +d4g4

wherein p, and p, are two pixels closest to pixel p for which
there are collinear down sampled green pixels, g,, g, are the
collinear down sampled green pixels closest to p, and [d,,
d,] are distances from pixel p, to the collinear down sampled
green pixels g,, g,, respectively, and g5, g, are the collinear
down sampled green pixels closest to p, and [d;, d,] are
distances from pixel p, to the collinear down sampled green
pixels g5, g, respectively; and interpolating a slash or
backslash direction pixel p in the cluster being up sampled,
when there are no down sampled green pixels collinear to
pixel p in the direction, according to

) N d
- dl +d2g1

a4 s
2 T d S T Gt d,

o

1

3

84,

wherein ¢, and c, are two corner points closest to pixel p for
which there are collinear down sampled green pixels, g, g,
are the collinear down sampled green pixels closest to ¢, and
[d,, d,] are distances from point ¢, to the collinear down
sampled green pixels g, g,, respectively, and g;, g, are the
collinear down sampled green pixels closest to ¢, and [d;,
d,] are distances from point p, to the collinear down sampled
green pixels g, g,, respectively.
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[0019] According to a further embodiment of the disclo-
sure, up sampling non-green color pixels in a non-green
cluster using the edge map includes drawing imaginary
straight lines from a pixel p to be up sampled to each of the
four down sampled green pixels, and eliminating a down
sampled green pixel g, when an imaginary straight lines
from a pixel p to down sampled green pixel g, crosses an
edge pixel; and interpolating p from the four down sampled
green pixels g,, g,, g, and g, according to

, wherein

_(A-d)A-d)

d (A —d,) dcd,
wL = A2 s W2 = Az > W3 =

_(A-d)d,
5= =

A2

and wy

wherein A is an edge length of the cluster being up sampled
and (d, d,) are the distances of pixel p from green pixel g,
wherein if all four downsampled green pixels are eliminated,
interpolating p from the closest down sampled pixel:
ﬁ:gclosest'

[0020] According to another embodiment of the disclo-
sure, there is provided a method for down-up sampling of
image sensor data, including down sampling green pixels in
a super Bayer pattern of image sensor data, wherein the
decimation factor for an nxn color pixel array is n, and
wherein down sampling green pixels comprises keeping
pixels at two diagonally opposites corners of the nxn color
pixel array while flipping the diagonally opposite corners for
alternate pixel array rows; and up sampling non-green color
pixels in a non-green cluster from the remaining green pixels
that are closest to the non-green cluster guided by a com-
pressed array that corresponds to the image sensor, wherein
the compressed array is one of a pixel direction map,
wherein the pixel direction map specifies one of six direc-
tions for each pixel, wherein the six directions are horizon-
tal, vertical, slash, backslash, flat, and unknown, wherein the
pixel direction map is determined by splitting the image
sensor data into red, green and blue clusters, within each
cluster, determining if each pixel is flat by using a max-min
measurement for each pixel and comparing the max-min
measurement to a threshold, wherein if the max-min mea-
surement for a pixel is below this threshold, the pixel is
determined to be flat, and if the pixel is determined to be
non-flat, determining a direction for the pixel.

[0021] According to a further embodiment of the disclo-
sure, determining if each pixel is flat further comprises
associating a patch of pixels about each pixel, wherein the
pixel patch is larger than a size of the color pixel array,
calculating the max-min for each color group of pixels
within the pixel patch, and determining a pixel at a center of
the pixel patch to be flat when all three max-min values are
below the threshold. Determining a direction for the pixel
includes calculating the difference between every pair of
adjacent pixels with the same color in the patch for the
horizontal, vertical, slash and backslash directions, summing
the differences in the same direction, and selecting a sum-
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mation with a lowest sum of differences as a direction for the
pixel at the center of the patch, where if a pixel direction’s
difference is not smaller than the other directions’ differ-
ences within a predetermined interval, the pixel’s direction
is denoted as unknown.

[0022] According to a further embodiment of the disclo-
sure, up sampling non-green color pixels in a non-green
cluster from the remaining green pixels that are closest to the
non-green cluster is performed by a bilinear interpolation of
each non-green pixel with respect to the closest remaining
green pixels, wherein the up sampling of the non-green color
pixels is guided by a compressed array that corresponds to
the image sensor data.

[0023] According to a further embodiment of the disclo-
sure, up sampling non-green color pixels in a non-green
cluster guided by the direction map includes interpolating a
flat or unknown direction pixel p in a cluster being up
sampled from the down sampled green pixels g;, g,, g; and
g, according to

(A-d)A-d)  d(A-d) ddy,  (A-d)d,
+ + —s ¢

p= +
p a2 81 a2 2t 8 ry 4,

wherein A is an edge length of the cluster being up sampled
and (d,, d,)) are the distances of pixel p from green pixel g;;
interpolating a horizontal, vertical, slash or backslash direc-
tion pixel p in the cluster being up sampled according to

d d

R S S
P+ T arn®

when there are down sampled green pixels g, g, collinear to
pixel p in the direction, wherein [d,, d,] are distances from
pixel p to the collinear down sampled green pixels g;, g,,
respectively; interpolating a horizontal or vertical direction
pixel p in the cluster being up sampled, when there are no
down sampled green pixels collinear to pixel p in the
direction, according to

P SV
p=5(py+Po),
. d dy
R
L N s
P Tt v a

wherein p, and p, are two pixels closest to pixel p for which
there are collinear down sampled green pixels, g,, g, are the
collinear down sampled green pixels closest to p, and [d,,
d,] are distances from pixel p, to the collinear down sampled
green pixels g,, g,, respectively, and g5, g, are the collinear
down sampled green pixels closest to p, and [d;, d,] are
distances from pixel p, to the collinear down sampled green
pixels g5, g, respectively; and interpolating a slash or
backslash direction pixel p in the cluster being up sampled,
when there are no down sampled green pixels collinear to
pixel p in the direction, according to
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1
p= 5(51 +c2),
& N d
- dl +d2g1

4 ds
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wherein ¢, and ¢, are two corner points closest to pixel p for
which there are collinear down sampled green pixels, g;, g,
are the collinear down sampled green pixels closest to ¢, and
[d,, d,] are distances from point ¢, to the collinear down
sampled green pixels g,, g,, respectively, and g5, g, are the
collinear down sampled green pixels closest to ¢, and [d;,
d,] are distances from point p, to the collinear down sampled
green pixels g;, g,, respectively.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 illustrates various CFA patterns, according
to an embodiment of the disclosure.

[0025] FIG. 2 is a flow chart of down-up sampling process
guided by compressed data, according to an embodiment of
the disclosure.

[0026] FIG. 3 illustrates the down sampling of green
pixels from Nona pattern data, according to an embodiment
of the disclosure.

[0027] FIG. 4 illustrates the closest green pixels for per-
forming bilinear interpolation, according to an embodiment
of the disclosure.

[0028] FIG. 5 is a flow chart of a method for generating a
directions map, according to an embodiment of the disclo-
sure.

[0029] FIG. 6 illustrates some examples for pixel couples
in a simple Bayer pattern case, according to an embodiment
of the disclosure.

[0030] FIG. 7 is a flow chart of a method of using
directions to guide the interpolated upsampling of the green
pixels, according to an embodiment of the disclosure.
[0031] FIG. 8 illustrates examples of interpolation when a
pixel has a direction, according to an embodiment of the
disclosure.

[0032] FIG. 9 illustrates the use of an edge map for up
sampling, according to an embodiment of the disclosure.
[0033] FIGS. 10-15 illustrate examples of down-up sam-
pling, according to embodiments of the disclosure.

[0034] FIG. 16 is a block diagram of a system that
implements a method for down-up sampling guided by a
compressed data, according to an embodiment of the dis-
closure.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0035] Exemplary embodiments of the disclosure as
described herein generally provide systems and methods for
down-up sampling guided by a compressed data. While
embodiments are susceptible to various modifications and
alternative forms, specific embodiments thereof are shown
by way of example in the drawings and will herein be
described in detail. It should be understood, however, that
there is no intent to limit the disclosure to the particular
forms disclosed, but on the contrary, the disclosure is to
cover all modifications, equivalents, and alternatives falling
within the spirit and scope of the disclosure.
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[0036] Embodiments of the disclosure are directed to
CMOS imaging sensors based on up sampled Bayer CFA
patterns such as Tetra or Nona cell CFAs. FIG. 1 illustrates
several CFA patterns, according to an embodiment of the
disclosure. From left to right, the illustrated patterns are a
simple Bayer pattern, a Tetra pattern, which is a super Bayer
pattern where each color cluster is a 2x2 pixel array, and a
Nona pattern, which is another super Bayer pattern where
each color cluster is a 3x3 pixel array. Another super Bayer
pattern is a Hexa pattern where each color cluster is a 4x4
pixel array. The illustrated patterns are exemplary and
non-limiting, and other patterns exist based on larger sized
color pixel arrays. The green pixels take up half of the sensor
area because of their high responsivity to light and the fact
that natural light comprises more green components than red
or blue.

[0037] For that reason, according to an embodiment, sen-
sor image processing uses a full resolution green map to
extract fine details from a captured scene. One significant
function of an image processing pipeline is estimating a
Bayer pattern from a larger size super-Bayer color pixel
array, such as Nona pattern or a Tetra pattern, a process
known as remosaicing. An initial stage in a remosaicing
process is generating a full image of green pixels to evenly
distribute the acquired data. A principle according to an
embodiment of the disclosure is compensating for resolution
loss in the down-sampling process by using a high resolution
but low bittage guide such as an edge map or a direction map
in the up-sampling process.

[0038] According to an embodiment of the disclosure, a
low power method is used to estimate the full resolution of
a green image from large sized pixel array pattern sensor
data using down sampled data, and up sampling is per-
formed guided by high resolution compressed data to
retrieve fine details lost in the down sampling process. For
simplicity of exposition, embodiments of the disclosure will
be described for processing a Nona pattern, however, those
of skill in the art can readily implement the described
methods for different size color pixel arrays.

[0039] FIG. 2 is a flow chart of a down-up sampling
process for a Nona pattern guided by compressed data,
according to an embodiment of the disclosure. Referring
now to the figure, and given a super-Bayer Nona pattern
received from an imaging sensor, a first step 201 is down
sampling green pixels to keep the most relevant pixels for
estimating green pixels in the blue and red Nona cells.
According to an embodiment, decimation by a factor of 9 is
performed, where 2 green pixels are kept from each green
cluster so that there are 4 green neighbors for each blue and
red Nona cell estimation. More generally, for an nxn color
pixel array, the decimation is by a factor of n?, however, 4
green neighbors are kept for each nxn cell estimation. In an
embodiment, those green neighbors that are kept are those
closest to ared or blue Nona cell, however, embodiments are
not limited thereto. In other embodiments, green neighbor
pixels that are not necessarily closest to a red or blue Nona
cell are kept. FIG. 3 illustrates a 9 factor down sampling of
green pixels from Nona pattern data. Note that even though
2 of 9 green pixels are kept from each 3x3 cluster, none of
the red or blue pixels are kept. In addition, at step 202, a
directions map or edge map, used for guiding the up
sampling, is generated from the super-Bayer pattern. Meth-
ods of generating edge maps are known in the art. A method
of generating a directions map will be described below.
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[0040] In general, for down sampling according to an
embodiment, a rule is to keep two diagonally opposites
corners of the square array while flipping the opposite
corners for alternate array rows, as shown in the Nona array
at the left side of FIG. 2.

[0041] After down sampling, low resolution green pixels
remain. According to an embodiment, at step 203, upsam-
pling is performed to generate an upsampled green map. To
perform up sampling, diluted data at high resolution is used
as a guide, such as the pixel directions map or the edge map.
An up-sampling is performed not only for the red and blue
pixels, but also for green pixels that were eliminated during
the down sampling. At step 204, the upsampled green map
is remosaiced to generate a full color image.

[0042] According to an embodiment, based on the pattern,
a simple bi-linear interpolation can be used on the closest
neighbors for the color pixels. A bilinear interpolation equa-
tion, with 4 reference pixels (g;, 2, g5, Z4) in the corners of
a square shape with edge size A, where A is the distance
between two adjacent interpolated pixels, for a pixel p
whose distances from g, are (d,, d,) is:

(A-d)A-dy)
g

N di(A-d,) N d.d,
A2

¢ (A-d.)d, (1
Az 2T Tz

2z 8+

p= 1 &

The up sampling interpolation formula of EQ. (1) is the
same regardless of the size of the color array.
[0043] According to an embodiment, assuming a pixel of

unit size, A:\/n2+:\/ﬁz3.l6 pixels for a Nona pattern
where n=3. FIG. 4 illustrates examples of interpolating red
pixels from 4 closest green pixels, and shows A, the distance
between two adjacent interpolated pixels, which is the
square side length.

[0044] According to an embodiment, a compressed guide
used for up sampling is a 3 bit directions map which
indicates for each pixel one of 6 options: a horizontal
direction, a vertical direction, a back slash direction, a slash
direction, a flat area, and an unknown indication. FIG. 5 is
a flow chart of a method for generating a directions map,
according to an embodiment of the disclosure. A first step
501 in generating a directions map is splitting the image into
red, green and blue clusters, and then working on each
cluster separately.

[0045] According to an embodiment, a next step 502, is,
within each cluster, determining if each pixel’s area is flat,
using, a Max-Min measurement, and comparing it to a
threshold. This is accomplished by searching a patch of
pixels for a maximum (max) and minimum (min) for each
color in the patch, and calculating a max-min value for the
color. The size of the patch to be searched should be larger
than the cluster size of the pixel array pattern, to obtain
better statistics, and thus the patch will overlap clusters of
different colors. The “max-min” value is then compared to
a flatness threshold. If the three max-min values are below
this threshold, the pixel at the center of the patch is deter-
mined to be flat. This calculation is performed for each pixel
in a color cluster, and thus a given cluster may have flat and
non-flat pixels.

[0046] Next, for the non-flat pixels, the direction of a pixel
is calculated. The direction is determined at step 503 by
calculating the difference between pixel pairs in 4 double-
sided directions (DSDs): horizontal (H); vertical (V); slash
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(S), which is a diagonal direction rotated 45° counter-
clockwise from the horizontal; and backslash (B), which is
a diagonal direction rotated 135° counter-clockwise from the
horizontal, and the direction where these differences are the
smallest is found.

[0047] The calculation is performed for every pair of
adjacent pixels with the same color in the patch, and those
differences for the same direction are summed at step 504,
for a total of 4 summations. At step 505, the direction of the
summation with the lowest difference sum is the chosen
direction.

[0048] FIG. 6 illustrates some examples for pixel couples
in a simple Bayer pattern case for the Horizontal, Vertical,
Slash and Backslash (Blash) directions. Step 2 is used only
where there are “bad” pixels in the cluster, such as auto
focus pixels or very noisy pixels.

[0049] If a good direction cannot be found, meaning that
the main direction’s difference is either big or not signifi-
cantly smaller than the other directions, the pixel’s direction
will be denoted as “Unknown”, meaning that a direction for
the pixel could not be found for the pixel.

[0050] FIG. 7 is a flow chart of a method of using
directions to guide the interpolated upsampling of the green
pixels, according to an embodiment of the disclosure. At
step 701, for pixels that are flat or have an unknown
direction, the bilinear interpolation formula of EQ. (1) can
be used:

A-d)d-dy)  diA-dy)  ddy  (A-d)d,
Az 81 Az &2 Az 83 —az &4,

b=

where p represents a pixel value in an up sampled cluster,
and g, g,, g, and g, are the down sampled green pixels.

[0051] According to an embodiment, a different interpo-
lation is used when a pixel has a H/V/S/B direction. Accord-
ing to an embodiment, there are 2 cases.

[0052] a. There are collinear down sampled green pixels
in the direction:

[0053] Inthis case, at step 702, linear interpolation is
used with the two closest pixels in the direction:

[ di

Pz —2 g h—t g
4 dl +d2g1 dl +d2g2

[0054] where [g,, g,] are the collinear down sampled
green pixels, and [d,, d,] are the distances from the esti-
mated pixel to the collinear down sampled green pixel.

[0055] The following are some examples illustrated in
FIG. 8:
[0056] If the direction is “Vertical” (V) and the pixel is

one of [pl, p4, p7] or [p3, p6, p9], use [g1, g9] or [g4,
g12], respectively;
[0057] Ifthe direction is “Slash” (S) and the pixel is one

of [p2, p4] or [p6, p8], use [g4, gl1] or [g2, g8,
respectively;
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[0058] “Horizontal” (H) and “Blash” (B) directions are
calculated similarly.
[0059] ©b. There are no collinear down sampled green
pixels in the direction:
[0060] In this case, 2 linear interpolation are used to
calculate 2 closest pixels that agree with case a, and
averaging the 2 results.

[0061] The following are some examples illustrated in
FIG. 8:
[0062] If the direction is “Vertical” (V) and the pixel is

one of p2 or pSor p8, calculate [pl, p3], or [p4, p6] or
[p7, p9], respectively, and average the two results.
Here, at step 703,

L1
P=§(P1+P2)
Lo D d
L L
L h N d3
P2 = d3+d4g3 d3+d4g4’

where p, and p, are two pixels closest to pixel p for
which there are collinear down sampled green pixels,
g,, g, are the collinear down sampled green pixels
closest to p, and [d,, d,] are distances from pixel p, to
the collinear down sampled green pixels g, g,, respec-
tively, and g;, g, are the collinear down sampled green
pixels closest to p, and [d;, d,] are distances from pixel
p, to the collinear down sampled green pixels g;, g,,
respectively.

[0063] Ifthe direction is “Slash” (S) and the pixel is one
of pl, p3, p5, p7 or p9, perform linear interpolation in
the “Slash” (S) direction using the two diagonally
opposite corner points of the pixel that on a line that is
perpendicular to the slash direction, and the calculated
pixel is the average of those two points. Here, at step
704,

1
p= 5(51 +c2),

d d

=—= o + s
o rat T ara®

4 &
2 L @ T Lt

¢

¢

[0064] where ¢, and ¢, are two corner points closest
to pixel p for which there are collinear down sampled
green pixels, g,, g, are the collinear down sampled
green pixels closest to ¢, and [d,, d,] are distances from
point ¢, to the collinear down sampled green pixels g,
g,, respectively, and g;, g, are the collinear down
sampled green pixels closest to ¢, and [d;, d,] are
distances from point p, to the collinear down sampled
green pixels g, g,, respectively.

[0065] “Horizontal” (H) and “Blash” (B) directions are
calculated similarly.

[0066] According to an embodiment, to perform linear
interpolation in the “Slash™ (S) direction using the two
diagonally opposite corner points in the image, a first step is
to find the closest down sampled green pixels that are
collinear to each corner point of the estimated pixel, one in
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a negative slash (or negative blash) direction, and one in the
positive slash (or positive blash) direction. Note that for
pixel p, in FIG. 8, for the upper left corner, one of the closest
down sampled green pixels is g5, but the other is a pixel that
is above the cluster shown in the figure. For lower right
corner of p,, the closest down sampled green pixels are g;,
and g,. The pixel value for each corner is a linear interpo-
lation of the closest collinear down sampled green pixels.
The estimated pixel is then determined by linearly interpo-
lating the two corner points.

[0067] According to an embodiment, another guide used
for up sampling is an edge map. In the case of an edge map,
a first step is to draw imaginary straight lines between the
estimated pixel to the 4 down sampled green pixels, as
illustrated in FIG. 9. If one of the lines crosses an edge pixel,
i.e., goes from non-edge to an edge pixel or vice-versa, than
this pixel is not used in the interpolation.

[0068] According to an embodiment, to perform the inter-

polation, the relevant bilinear weights (w,, w,, w5, w,) are
calculated:

. (A-dJ(A-d)) (A-d)dy)
p= Az 81 Az &+
w1 w2

dXA-dy)  (d)dy) :
Ty&*' Azy g4=Z Wit &i
w3 wy =

Note that X,_,* w,~=1.
[0069] If a pixel g, is eliminated from the interpolation,
the following is calculated:

If there is only one pixel in the calculation, e.g., g, than the
interpolation is very simple: p=g,. In the special case that all
of the 4 pixels are eliminated, which should be rare, the
closest down sampled pixel will be used: p=g_;,c0sr-

[0070] According to an embodiment, an effect of a com-
pressed data guided down-up sampling process is reducing
the data size that undergoes the most processing, thus
consuming less power and reducing the gate count in
hardware implementations and reducing runtime in software
implementations. Power consumption can be reduced by a
factor of up to 50% with relatively little resolution loss as
compared to simple down- and up-sampling schemes.

[0071] FIGS. 10 to 15 display comparisons between an
image generated by a compressed data guided down-up
sampling process according to an embodiment on the left,
marked “new”, and an image generated by a high resolution
interpolation on the right, marked “reference”. High reso-
Iution details are preserved in the new images even though
the data is processed from low resolution input. In some
cases, as illustrated in FIG. 13, a compressed data guided
down-up sampling process according to an embodiment
improves resolution due to noise reduction.
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[0072] It is to be understood that embodiments of the
present disclosure can be implemented in various forms of
hardware, software, firmware, special purpose processes, or
a combination thereof. In some embodiments, the present
disclosure can be implemented in hardware as an applica-
tion-specific integrated circuit (ASIC), or as a field program-
mable gate array (FPGA). In other embodiments, the present
disclosure can be implemented in software as an application
program tangible embodied on a computer readable program
storage device. The application program can be uploaded to,
and executed by, a machine comprising any suitable archi-
tecture.

[0073] FIG. 16 is a block diagram of a system that
implements a method for CMOS image sensor compressed
guide down-up sampling according to an embodiment of the
disclosure. Referring now to FIG. 16, a computer system
161 for implementing the present invention can comprise,
inter alia, a processor 162, a memory 163 and an input/
output (I/0) interface 164. The computer system 161 is
generally coupled through the I/O interface 164 to a display
165 and various input devices 166 such as a mouse and a
keyboard. The support circuits can include circuits such as
cache, power supplies, clock circuits, and a communication
bus. The processor 162 may be a graphics processing unit
(GPU) or dedicated hardware (HW). The memory 163 can
include random access memory (RAM), read only memory
(ROM), disk drive, tape drive, etc., or a combinations
thereof. The present disclosure can be implemented as a
routine 167 that is stored in memory 163 and executed by the
processor 162. As such, the computer system 161 is a
general purpose computer system that becomes a specific
purpose computer system when executing the routine 167 of
the present invention. Alternatively, as described above,
embodiments of the present disclosure can be implemented
as an ASIC or FPGA 167 that is in signal communication
with the processor 162.

[0074] The computer system 161 also includes an operat-
ing system and micro instruction code. The various pro-
cesses and functions described herein can either be part of
the micro instruction code or part of the application program
(or combination thereof) which is executed via the operating
system. In addition, various other peripheral devices can be
connected to the computer platform such as an additional
data storage device and a printing device.

[0075] It is to be further understood that, because some of
the constituent system components and method steps
depicted in the accompanying figures can be implemented in
software, the actual connections between the systems com-
ponents (or the process steps) may differ depending upon the
manner in which the present invention is programmed.
Given the teachings of the present invention provided
herein, one of ordinary skill in the related art will be able to
contemplate these and similar implementations or configu-
rations of the present invention.

[0076] While the present invention has been described in
detail with reference to exemplary embodiments, those
skilled in the art will appreciate that various modifications
and substitutions can be made thereto without departing
from the spirit and scope of the invention as set forth in the
appended claims.

What is claimed is:

1. A method for down-up sampling of image sensor data,
comprising the steps of:
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down sampling green pixels in a super Bayer pattern of
image sensor data, wherein a decimation factor of the
downsampling corresponds to a size of a color cluster
in the super Bayer pattern, wherein two green pixels
that are those closest to a non-green pixel cluster
remain in each green cluster after downsampling, and
wherein each non-green pixel cluster is bordered by
four downsampled green pixels; and

up sampling non-green color pixels in a non-green cluster
from the remaining green pixels that are closest to the
non-green cluster by a bilinear interpolation of each
non-green pixel with respect to the closest remaining
green pixels, wherein the up sampling of the non-green
color pixels is guided by a compressed array that
corresponds to the image sensor data.

2. The method of claim 1,

wherein the decimation factor for an nxn color pixel array
is n?, and

wherein down sampling green pixels comprises keeping
pixels at two diagonally opposites corners of the nxn
color pixel array while flipping the diagonally opposite
corners for alternate pixel array rows.

3. The method of claim 1, wherein the compressed array
is one of a pixel direction map or an edge map, wherein the
pixel direction map specifies one of six directions for each
pixel, wherein the six directions are horizontal, vertical,
slash, backslash, flat, and unknown.

4. The method of claim 3, wherein the pixel direction map
is determined by splitting the image sensor data into red,
green and blue clusters, wherein the method further com-
prises

within each cluster, determining if each pixel is flat by

using a max-min measurement for each pixel and
comparing the max-min measurement to a threshold,
wherein if the max-min measurement for a pixel is
below this threshold, the pixel is determined to be flat,

and if the pixel is determined to be non-flat, determining
a direction for the pixel.

5. The method of claim 4, wherein determining if each
pixel is flat further comprises associating a patch of pixels
about each pixel, wherein the pixel patch is larger than a size
of the color pixel array, calculating the max-min for each
color group of pixels within the pixel patch, and determining
a pixel at a center of the pixel patch to be flat when all three
max-min values are below the threshold.

6. The method of claim 5, wherein determining a direction
for the pixel comprises

calculating the difference between every pair of adjacent

pixels with the same color in the patch for the hori-
zontal, vertical, slash and backslash directions, sum-
ming the differences in the same direction, and select-
ing a summation with a lowest sum of differences as a
direction for the pixel at the center of the patch,
wherein if a pixel direction’s difference is not smaller than
the other directions’ differences within a predetermined
interval, the pixel’s direction is denoted as unknown.

7. The method of claim 3, wherein up sampling non-green
color pixels in a non-green cluster using the direction map
comprises:

interpolating a flat or unknown direction pixel p in a

cluster being up sampled from the down sampled green
pixels g,, g,, g; and g, according to
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wherein A is an edge length of the cluster being up sampled
and (d,, d,) are the distances of pixel p from green pixel g ;
interpolating a horizontal, vertical, slash or backslash
direction pixel p in the cluster being up sampled
according to

N d d
AERTAE YT

when there are down sampled green pixels g;, g, collinear to
pixel p in the direction, wherein [d,, d,] are distances from
pixel p to the collinear down sampled green pixel g;, g,,
respectively;
interpolating a horizontal or vertical direction pixel p in
the cluster being up sampled, when there are no down
sampled green pixels collinear to pixel p in the direc-
tion, according to

R PP
p=5( + by

R b d

AR A
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P
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wherein p, and p, are two pixels closest to pixel p for which
there are collinear down sampled green pixels, g,, g, are the
collinear down sampled green pixels closest to p, and [d,,
d,] are distances from pixel p, to the collinear down sampled
green pixels g,, g,, respectively, and g;, g, are the collinear
down sampled green pixels closest to p, and [d;, d,] are
distances from pixel p, to the collinear down sampled green
pixels g, g,, respectively; and
interpolating a slash or backslash direction pixel p in the
cluster being up sampled, when there are no down
sampled green pixels collinear to pixel p in the direc-
tion, according to

A 1 A
p= 5(01 +¢2),
oo d |
1= —d1+d2gl —dl +d282,
dy ds

il s A

wherein ¢, and c, are two corner points closest to pixel p
for which there are collinear down sampled green
pixels, g,, g, are the collinear down sampled green
pixels closest to ¢, and [d,, d,] are distances from point
c, to the collinear down sampled green pixels g, g,,
respectively, and g5, g, are the collinear down sampled
green pixels closest to ¢, and [d;, d,,] are distances from
point p, to the collinear down sampled green pixels g5,
2., respectively.
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8. The method of claim 3, wherein up sampling non-green
color pixels in a non-green cluster using the edge map
comprises:
drawing imaginary straight lines from a pixel p to be up
sampled to each of the four down sampled green pixels,
and eliminating a down sampled green pixel g, when an
imaginary straight lines from a pixel p to down sampled
green pixel g, crosses an edge pixel; and

interpolating p from the four down sampled green pixels
g, 25, 85 and g, according to

2
Wi g
p = Sistizk &
= & -
v Vi

wherein
(A-d)A-d)
T ar
d(A—d,)
=

dxd,
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w2

and
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wherein A is an edge length of the cluster being up sampled
and (d,, d,) are the distances of pixel p from green pixel g,
wherein if all four downsampled green pixels are eliminated,
interpolating p from the closest down sampled pixel:

P~ 8erosesr
9. A non-transitory program storage device readable by a

computer, tangibly embodying a program of instructions
executed by the computer to perform a method for down-up
sampling of image sensor data, wherein the method com-
prises the steps of:

down sampling green pixels in a super Bayer pattern of

image sensor data, wherein the decimation factor for an
nxan color pixel array is n*, and wherein down sampling
green pixels comprises keeping pixels at two diago-
nally opposites corners of the nxn color pixel array
while flipping the diagonally opposite corners for alter-
nate pixel array rows; and

up sampling non-green color pixels in a non-green cluster

from the remaining green pixels that are closest to the
non-green cluster by a bilinear interpolation of each
non-green pixel with respect to the closest remaining
green pixels, wherein the up sampling of the non-green
color pixels is guided by a compressed array that
corresponds to the image sensor data.

10. The computer readable program storage device of
claim 9, wherein a decimation factor of the downsampling
corresponds to a size of a color cluster in the super Bayer
pattern, and wherein two green pixels that are those closest
to a non-green pixel cluster remain in each green cluster
after downsampling, and wherein each non-green pixel
cluster is bordered by four downsampled green pixels.

11. The computer readable program storage device of
claim 9, wherein the compressed array is one of a pixel
direction map or an edge map, wherein the pixel direction
map specifies one of six directions for each pixel, wherein
the six directions are horizontal, vertical, slash, backslash,
flat, and unknown.
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12. The computer readable program storage device of
claim 11, wherein the pixel direction map is determined by
splitting the image sensor data into red, green and blue
clusters,

wherein the method further comprises, within each clus-
ter, determining if each pixel is flat by using a max-min
measurement for each pixel and comparing the max-
min measurement to a threshold, wherein if the max-
min measurement for a pixel is below this threshold,
the pixel is determined to be flat,

and if the pixel is determined to be non-flat, determining
a direction for the pixel.

13. The computer readable program storage device of
claim 12, wherein determining if each pixel is flat further
comprises associating a patch of pixels about each pixel,
wherein the pixel patch is larger than a size of the color pixel
array, calculating the max-min for each color group of pixels
within the pixel patch, and determining a pixel at a center of
the pixel patch to be flat when all three max-min values are
below the threshold.

14. The computer readable program storage device of
claim 13, wherein determining a direction for the pixel
comprises

calculating the difference between every pair of adjacent
pixels with the same color in the patch for the hori-
zontal, vertical, slash and backslash directions, sum-
ming the differences in the same direction, and select-
ing a summation with a lowest sum of differences as a
direction for the pixel at the center of the patch,

wherein if a pixel direction’s difference is not smaller than
the other directions’ differences within a predetermined
interval, the pixel’s direction is denoted as unknown.

15. The computer readable program storage device of
claim 11, wherein up sampling non-green color pixels in a
non-green cluster using the direction map comprises:

interpolating a flat or unknown direction pixel p in a

cluster being up sampled from the down sampled green
pixels g,, g,, g5 and g, according to

A-d)A-4d) d(A-dy) d.d, (A —d)d,
12 S+t &t gt 5 &

b=

wherein A is an edge length of the cluster being up sampled
and (d,, d,) are the distances of pixel p from green pixel g;;

interpolating a horizontal, vertical, slash or backslash
direction pixel p in the cluster being up sampled
according to

[ di

po B d
Pravas  a v

when there are down sampled green pixels g,, g, collinear to
pixel p in the direction, wherein [d,, d,] are distances from
pixel p to the collinear down sampled green pixels g;, g,,
respectively;
interpolating a horizontal or vertical direction pixel p in
the cluster being up sampled, when there are no down
sampled green pixels collinear to pixel p in the direc-
tion, according to
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wherein p, and p, are two pixels closest to pixel p for which
there are collinear down sampled green pixels, g,, g, are the
collinear down sampled green pixels closest to p, and [d,,
d,] are distances from pixel p, to the collinear down sampled
green pixels g,, g,, respectively, and g,, g, are the collinear
down sampled green pixels closest to p, and [d;, d,] are
distances from pixel p, to the collinear down sampled green
pixels g5, g,, respectively; and
interpolating a slash or backslash direction pixel p in the
cluster being up sampled, when there are no down
sampled green pixels collinear to pixel p in the direc-
tion, according to

1
ﬁ=§(51+52)
N d
¢ = d1+d2gl d1+d2g2’
. ds d3
Lyt Eb S

wherein ¢, and ¢, are two corner points closest to pixel p
for which there are collinear down sampled green
pixels, g,;, g, are the collinear down sampled green
pixels closest to ¢, and [d,, d,] are distances from point
c, to the collinear down sampled green pixels g,, g,,
respectively, and g, g, are the collinear down sampled
green pixels closest to ¢, and [d;, d,] are distances from
point p, to the collinear down sampled green pixels g5,
g,, respectively.

16. The computer readable program storage device of
claim 11, wherein up sampling non-green color pixels in a
non-green cluster using the edge map comprises:

drawing imaginary straight lines from a pixel p to be up
sampled to each of the four down sampled green pixels,
and eliminating a down sampled green pixel g, when an
imaginary straight lines from a pixel p to down sampled
green pixel g, crosses an edge pixel; and

interpolating p from the four down sampled green pixels
£, 85, 85 and g, according to

2
Wi~ o
p = Sistizk &
= 7 o
X1 ek Wi

wherein
(A-d)A-d)
T ar
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=
d.d
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wherein A is an edge length of the cluster being up sampled
and (d,, d,) are the distances of pixel p from green pixel g,
wherein if all four downsampled green pixels are eliminated,
interpolating p from the closest down sampled pixel:

P=Lciosest
17. A method for down-up sampling of image sensor data,
comprising the steps of:

down sampling ween pixels in a super Bayer pattern of
image sensor data, wherein the decimation factor for an
nxn color pixel array is n*, and wherein down sampling
green pixels comprises keeping pixels at two diago-
nally opposites corners of the nxn color pixel array
while flipping the diagonally opposite corners for alter-
nate pixel array rows; and

up sampling non-green color pixels in a non-green cluster
from the remaining green pixels that are closest to the
non-green cluster guided by a compressed array that
corresponds to the image sensor, wherein the com-
pressed array is one of a pixel direction map, wherein
the pixel direction map specifies one of six directions
for each pixel, wherein the six directions are horizontal,
vertical, slash, backslash, flat, and unknown, wherein
the pixel direction map is determined by splitting the
image sensor data into red, green and blue clusters,

within each cluster, determining if each pixel is flat by
using a max-min measurement for each pixel and
comparing the max-min measurement tri a threshold,
wherein if the max-min measurement for a pixel is
below this threshold, the pixel is determined to be flat,

and if the pixel is determined to be non-flat, determining
a direction for the pixel.

18. The method of claim 17, wherein determining if each
pixel is flat further comprises associating a patch of pixels
about each pixel, wherein the pixel patch is larger than a size
of the color pixel array, calculating the max-min for each
color group of pixels within the pixel patch, and determining
a pixel at a center of the pixel patch to be flat when all three
max-min values are below the threshold, and

wherein determining a direction for the pixel comprises

calculating the difference between every pair of adjacent

pixels with the same color in the patch for the hori-
zontal, vertical, slash and backslash directions, sum-
ming the differences in the same direction, and select-
ing a summation with a lowest sum of differences as a
direction for the pixel at the center of the patch,

wherein if a pixel direction’s difference is not smaller than
the other directions’ differences within a predetermined
interval, the pixel’s direction is denoted as unknown.

19. The method of claim 17, wherein up sampling non-
green color pixels in a non-green cluster from the remaining
green pixels that are closest to the non-green cluster is
performed by a bilinear interpolation of each non-green
pixel with respect to the closest remaining green pixels,
wherein the up sampling of the non-green color pixels is
guided by a compressed array that corresponds to the image
sensor data.

20. The method of claim 19, wherein up sampling non-
green color pixels in a non-green cluster guided by the
direction map comprises:

interpolating a flat or unknown direction pixel p in a

cluster being up sampled from the down sampled green
pixels g,, g,, g5 and g, according to
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wherein A is an edge length of the cluster being up sampled
and (d,, d,)) are the distances of pixel p from green pixel g;;
interpolating a horizontal, vertical, slash or backslash
direction pixel p in the cluster being up sampled
according to

dr d

po_d2 o d
g+t ava®

when there are down sampled green pixels g, g, collinear to
pixel p in the direction, wherein [d,, d,] are distances from
pixel p to the collinear down sampled green pixels g;, g,,
respectively;
interpolating a horizontal or vertical direction pixel p in
the cluster being up sampled, when there are no down
sampled green pixels collinear to pixel p in the direc-
tion, according to

>

1
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wherein p, and p, are two pixels closest to pixel p for which
there are collinear down sampled green pixels, g,, g, are the
collinear down sampled green pixels closest to p, and [d,,
d,] are distances from pixel p, to the collinear down sampled
green pixels g,, g,, respectively, and g;, g, are the collinear
down sampled green pixels closest to p, and [d;, d,] are
distances from pixel p, to the collinear down sampled green
pixels g, g,, respectively; and

interpolating a slash or backslash direction pixel p in the
cluster being up sampled, when there are no down
sampled green pixels collinear to pixel p in the direc-
tion, according to

wherein ¢, and c, are two corner points closest to pixel p
for which there are collinear down sampled green
pixels, g,, g, are the collinear down sampled green
pixels closest to ¢, and [d,, d,] are distances from point
c, to the collinear down sampled green pixels g, g,,
respectively, and g5, g, are the collinear down sampled
green pixels closest to ¢, and [d,, d,] are distances from
point p, to the collinear down sampled green pixels g5,
2., respectively.



