20087121272 A2 IV 00 0RO O

WO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
9 October 2008 (09.10.2008)

AL 0O A

(10) International Publication Number

WO 2008/121272 A2

(51) International Patent Classification:
GO6T 3/40 (2006.01)

(21) International Application Number:
PCT/US2008/003885

(22) International Filing Date: 25 March 2008 (25.03.2008)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

11/694,074 30 March 2007 (30.03.2007) US
(71) Applicant (for all designated States except US): EAST-
MAN KODAK COMPANY [US/US]; 343 State Street,

Rochester, New York 14650-2201 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): ADAMS, James,
E., Jr. [US/US]; 16 West Forest Drive, Rochester, New
York 14624 (US). HAMILTON, John, Franklin, Jr.
[US/US]; 2537 Oakview Drive, Rochester, New York
14617 (US). O’BRIEN, Michele [US/US]; 156 Howland
Avenue, Rochester, New York 14620 (US).

(74) Common Representative: EASTMAN KODAK COM-
PANY; 343 State Street, Rochester, New York 14650-2201
(US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
1L, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC,
LK, LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN,
MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH,
PL, PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV,
SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, 7M, 7ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CIL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

(54) Title: EDGE MAPPING INCORPORATING PANCHROMATIC PIXELS

134 200

- 202 204

Edge Map

Digital Camera » RGBP CFA Image

Generation Edge Map

206

RGB CFA Image

208

Interpolation

210

Full-Color Image

212

Enhanced Full- Full-Color Image
Color Image Enhancement
FIG. 2

(57) Abstract: A method of enhancing a full-color image of a scene includes capturing an image of the scene using a two-dimen-
sional sensor array having both color and panchromatic pixels, forming an edge map in response to the panchromatic pixels, forming
the full-color image in response to the captured color pixels, and using the edge map to enhance the full-color image.



WO 2008/121272 PCT/US2008/003885

10

15

20

25

30

EDGE MAPPING INCORPORATING PANCHROMATIC PIXELS

FIELD OF THE INVENTION
The present invention relates to using an edge map to form an

enhanced color image from a panchromatic image and a color image.

BACKGROUND OF THE INVENTION

Video cameras and digital still cameras generally employ a single
image sensor with a color filter array to record a scene. This approach begins with
a sparsely populated single-channel image in which the color information is
encoded by the color filter array pattern. Subsequent interpolation of the
neighboring pixel values permits the reconstruction of a complete three-channel,
full-color image. This full-color image, in turn, can be noise-cleaned, sharpened,
or color corrected to improve, or enhance, the appearance of the image. This .
image enhancement can be greatly facilitated by computing an edge map of the
image in order to classify the image into edge regions and flat regions. This
permits the use of algorithms that perform different computations for edge regions
and for flat regioﬁs. One popular approach is to either directly detect or synthesize
a luminance color channel, e.g. “green”, and then to generate an edge map from
the luminance image. U.S. Patent No. 6,614,474 (Malkin et al.) describes
computing a luminance channel and then generating edge information from a set
of directional edge detection kernels. The problem with this approach is that edges
that vary only in chrominance and not luminance run the risk of being undetected.
To address this concern, U.S. Patent No. 5,420,971 (Westerink et al.) teaches
computing a YUV luminance-chrominance image, computing edge information
from all three channels (Y, U, and V), and then combining them as an L2-norm to
detect both luminance and chrominance edges. The problem with this approach is
the noisiness of the computed luminance-chrominance image is defined by the
noisiness of the original color data, e.g., RGB. This level of noise in the original
color data is determined, among other things, by the relative narrowness of the
spectral frequency response of the individual color channels. When the scene

being captured is well lit, e.g., a sunny landscape, the narrowness of the spectral
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frequency responses is usually not an issue. When the scene is not well lit, e.g.,
indoors, or the exposure time is necessarily short to reduce motion blur, e.g., at a
sporting event, the relative narrowness of the spectral frequency response of the
individual color channels can produce noisy images.

Under low-light imaging situations, it is advantageous to have one
or more of the pixels in the color filter array unfiltered, i.e. white or panchromatic
in spectral sensitivity. These panchromatic pixels have the highest light
sensitivity capability of the capture system. Employing panchromatic pixels
represents a tradeoff in the capture system between light sensitivity and color
spatial resolution. To this end, many four-color color filter array systems have
been described. U.S. Patent No. 6,529,239 (Dyck et al.) teaches a green-cyan-
yellow-white pattern that is arranged as a 2x2 block that is tessellated over the
surface of the sensor. U.S. Patent No. 6,757,012 (Hubina et al.) discloses both a
red-green-blue-white pattern and a yellow-cyan-magenta-white pattern. In both
cases, the colors are arranged in a 2x2 block that is tessellated over the surface of
the imager. The difficulty with such systems is that only one-quarter of the pixels
in the color filter array have highest light sensitivity, thus limiting the overall low-
light performance of the capture device.

To address the need of having more pixels with highest light
sensitivity in the color filter array, U.S. Patent Application Publication No.
2003/0210332 (Frame) describes a pixel array with most of the pixels being
unfiltered. Relatively few pixels are devoted to capturing color information from
the scene producing a system with low color spatial resolution capability.
Additionally, Frame teaches using simple linear interpolation techniques that are

not responsive to or protective of high frequency color spatial details in the image.

SUMMARY OF THE INVENTION
It is an object of the present invention to produce an enhanced
digital color image from a digital image having panchromatic and color pixels.
This object is achieved by a method of providing an enhanced full-

color image of a scene comprising:
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(a) using a captured image of the scene that was captured by a
two-dimensional sensor array having both color and panchromatic pixels;

(b) forming an edge map in response to the panchromatic
pixels;

(c) forming the full-color image in response to the captured
color pixels; and

(d) using the edge map to enhance the full-color image.

It is a feature of the present invention that images can be captured
under low-light conditions with a sensor having panchromatic and color pixels
and processing produces an enhanced digital color image produced from the
panchromatic and colored pixels.

The present invention makes use of a color filter array with an
appropriate composition of panchromatic and color pixels in order to permit the
above method to provide both improved low-light sensitivity and improved color
spatial resolution fidelity. The above method preserves and enhances

panchromatic and color spatial details and produces an enhanced full-color image.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective of a computer system including a digital
camera for implementing the present invention;

FIG. 2 is a block diagram of a preferred embodiment of the present
invention;

FIG. 3 is a block diagram showing block 202 in FIG. 2 in more
detail;

FIG. 4 is a pixel neighborhood used during the execution of low-
frequency filtering in block 242 in FIG. 3;

FIG. 5 is a block diagram showing an alternate embodiment of
block 202 in FIG. 2 in more detail;

FIG. 6 is a pixel neighborhood used during the execution of
nonmaximum suppression in block 256 in FIG. 5;

FIG. 7 is a block diagram of an alternate embodiment of the

present invention;
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FIG. 8 is a block diagram of an alternate embodiment of the
present invention;

FIG. 9 is a block diagram of an alternate embodiment of the
present invention;

FIG. 10 is a block diagram of an alternate embodiment of the
present invention; and

FIG. 11 is a block diagram of an alternate embodiment of the

present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the following description, a preferred embodiment of the present
invention will be described in terms that would ordinarily be implemented as a
software program. Those skilled in the art will readily recognize that the
equivalent of such software can also be constructed in hardware. Because image
manipulation algorithms and systems are well known, the present description will
be directed in particular to algorithms and systems forming part of, or cooperating
more directly with, the system and method in accordance with the present
invention. Other aspects of such algorithms and systems, and hardware or
software for producing and otherwise processing the image signals involved
therewith, not specifically shown or described herein, can be selected from such
systems, algorithms, components and elements known in the art. Given the
system as described according to the invention in the following materials,
software not specifically shown, suggested or described herein that is useful for
implementation of the invention is conventional and within the ordinary skill in
such arts.

Still further, as used herein, the computer program can be stored in
a computer readable storage medium, which can include, for example; magnetic
storage media such as a magnetic disk (such as a hard drive or a floppy disk) or
magnetic tape; optical storage media such as an optical disc, optical tape, or
machine readable bar code; solid state electronic storage devices such as random
access memory (RAM), or read only memory (ROM); or any other physical

device or medium employed to store a computer program.
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Before describing the present invention, it facilitates understanding
to note that the present invention is preferably used on any well-known computer
system, such as a personal computer. Consequently, the computer system will not
be discussed in detail herein. It is also instructive to note that the images are
either directly input into the computer system (for example by a digital camera) or
digitized before input into the computer system (for example by scanning an
original, such as a silver halide film).

Referring to FIG. 1, there is illustrated a computer system 110 for
implementing the present invention. Although the computer system 110 is shown
for the purpose of illustrating a preferred embodiment, the present invention is not
limited to the computer system 110 shown, but can be used on any electronic
processing system such as found in home computers, kiosks, retail or wholesale
photofinishing, or any other system for the processing of digital images. The
computer system 110 includes a microprocessor-based unit 112 for receiving and -
processing software programs and for performing other processing functions. A
display 114 is electrically connected to the microprocessor-based unit 112 for
displaying user-related information associated with the software, e.g., by a
graphical user interface. A keyboard 116 is also connected to the microprocessor
based unit 112 for permitting a user to input information to the software. As an
alternative to using the keyboard 116 for input, a mouse 118 can be used for
moving a selector 120 on the display 114 and for selecting an item on which the
selector 120 overlays, as is well known in the art.

A compact disk-read only memory (CD-ROM) 124, which
typically includes software programs, is inserted into the microprocessor based
unit for providing a way of inputting the software programs and other information
to the microprocessor based unit 112. In addition, a floppy disk 126 can also
include a software program, and is inserted into the microprocessor-based unit 112
for inputting the software program. The compact disk-read only memory (CD-
ROM) 124 or the floppy disk 126 can alternatively be inserted into externally
located disk drive unit 122 which is connected to the microprocessor-based unit

112. Still further, the microprocessor-based unit 112 can be programmed, as is
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well known in the art, for storing the software program internally. The
microprocessor-based unit 112 can also have a network connection 127, such as a
telephone line, to an external network, such as a local area network or the Internet.
A printer 128 can also be connected to the microprocessor-based unit 112 for
printing a hardcopy of the output from the computer system 110. |

Images can also be displayed on the display 114 via a personal
computer card (PC card) 130, such as, as it was formerly known, a PCMCIA card
(based on the specifications of the Personal Computer Memory Card International
Association) which contains digitized images electronically embodied in the PC
card 130. The PC card 130 is ultimately inserted into the microprocessor based
unit 112 for permitting visual display of the image on the display 114.
Alternatively, the PC card 130 can be inserted into an externally located PC card
reader 132 connected to the microprocessor-based unit 112. Images can also be
input via the compact disk 124, the floppy disk 126, or the network connection
127. Any images stored in the PC card 130, the floppy disk 126 or the compact
disk 124, or input through the network connection 127, can have been obtained
from a variety of sources, such as a digital camera (not shown) or a scanner (not
shown). Images can also be input directly from a digital camera 134 via a camera -
docking port 136 connected to the microprocessor-based unit 112 or directly from -
the digital camera 134 via a cable connection 138 to the microprocessor-based
unit 112 or via a wireless connection 140 to the microprocessor-based unit 112.

In accordance with the invention, the algorithm can be stored in
any of the storage devices heretofore mentioned and applied to images in order to
sharpen the images.

FIG. 2 is a high-level diagram of the preferred embodiment of the
present invention. The digital camera 134 (FIG. 1) is responsible for creating an
original digital red-green-blue-panchromatic (RGBP) color filter array (CFA)
image 200, also referred to as the digital RGBP CFA image or the RGBP CFA
image. It is noted at this point that other color channel combinations, such as
cyan-magenta-yellow-panchromatic, can be used in place of red-green-blue-
panchromatic in the following description. The key item is the inclusion of a

panchromatic channel. This image is considered to be a sparsely sampled image
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because each pixel in the image contains only one pixel value of red, green, blue,
or panchromatic data. An edge map generation block 202 produces an edge map
204 from the RGBP CFA image 200. An RGB CFA image interpolation block
206 produces a full-color image 208 from the RGBP CFA image 200. A full-color
image enhancement block 212 produces an enhanced full-color image 210 from
the full-color image 208 and the edge map 204.

In FIG. 2, the RGB CFA image interpolation block 206 can be
performed in any appropriate way known to those skilled in the art. Examples can
be found in U.S. Patent Application No. 2007/0024934 (Adams et al.) Included in
this reference are examples of using just captured color pixels to produce the full-
color image and using captured color pixels and captured panchromatic pixels to
produce the full-color image.

FIG. 3 is a detailed block diagram of the edge map generation
block 202 (FIG. 2) for the preferred embodiment. A low-frequency filtering block
242 produces a low-frequency filtered image 244 from the RGBP CFA image 200
(FIG. 2). A high-frequency filtering block 246 produces a high-frequency image
248 from the low-frequency filtered image 244. Finally, a thresholding block 250
produces the edge map 204 (FIG. 2) from the high-frequency image 248.

In FIG. 3, the low-frequency filtering of block 242 is achieved by
convolving a low-frequency convolution kernel with the RGBP CFA image 200
(FIG. 2) in order to produce a pixel value for each color channel at every pixel
location. As an example, consider a portion of a typical RGBP CFA image
illustrated in FIG. 4. The following low-frequency convolution kernel can be used
to produce a full-resolution panchromatic channel:

1 1
2 2
1 1

NN

It is well known by those skilled in the art how to create other appropriate low-
frequency convolution kernels. When performing this convolution, it is assumed
that only existing panchromatic pixel values are used. Explicitly, for computing
the panchromatic pixel value for pixel Bsg (FIG. 4), the computation is a weighted

average:
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_ 2Py +2P, + 2P, +2F
0 2424242

In the case of an existing panchromatic pixel value, €.g., P49, a low-frequency
filtered version is computed:

p Bnt B +4F, + 5 + B,
® 1+1+4+1+1

5  Since the colored pixels in FIG. 4 are more sparsely populated than the
panchromatic pixels, a larger low-frequency convolution kernel is used for

producing full-resolution color channels:

1 8 28 56 70 56 28 8

8 64 224 448 560 448 224 64 8
28 224 784 1568 1960 1568 784 224 28
56 448 1568 3136 3920 3136 1568 448 56
70 560 1960 3920 4900 3920 1960 560 70
56 448 1568 3136 3920 3136 1568 448 56
28 224 784 1568 1960 1568 784 224 28

8 64 224 448 560 448 224 64 8

1 8 28 56 70 56 28 8

It is well known by those skilled in the art how to create other appropriate low-

10 frequency convolution kernels. When performing this convolution, it is assumed
that only existing color pixel values are used. Explicitly, for computing the red
pixel value for pixel Bsy (FIG. 4), the computation is:

r = I84Ry +T84Ry, + 48R, +3136R,, +T84Ry +784R,, +64Ry, + 48Ry,
% 784 + 784 + 448 + 3136 + 784 + 784 + 64 + 448

When computing the low-frequency filtered version of Bsg, the computation is:

B, +70B, + B,, + 448B,, + 64B,, + T0B,, + 49008,
_ +70B,, +3136B,, +448B,, + By, + 70B,, + By
1+ 70+ 1+ 448 + 64+ 70+ 4900 + 70 + 3136 + 448 + 1+ 70 +1

The remaining low-frequency filtered color pixel values for each pixel in the

15 B,

RGBP CFA image 200 (FIG. 2) are computed in a similar manner.
Returning to FIG. 3, the high-frequency filtering block 248 is
generally performed by one of two methods: direct convolution or as a part of

20  unsharp masking. With direct convolution, the panchromatic channel of the low-
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frequency filtered image 244 is convolved with a high-frequency kemel and the
absolute value of the result is the high-frequency image 248. An example of an

appropriate high-frequency kernel is

-1 -1 -1
-1 8 -1
-1 -1 -1

It is well known by those skilled in the art how to create other appropriate high-
frequency kernels. In the case of unsharp masking, the panchromatic channel of
the low-frequency filtered image 244 is convolved with a low-frequency kernel
and the resulting low-frequency image is subtracted from the panchromatic
channel of the low-frequency filtered image 244. The absolute value of this
subtraction is the high-frequency image 248. An example of an appropriate low-

frequency kernel would be

1
2
1

N AN

1
2
1

It is well known by those skilled in the art how to create other
appropriate low-frequency kernels. The examples just given can be augmented by
operating not just on the panchromatic channel, but also on all of the color
channels and then adding the results together:

H, =H,+H,+H;+H,

In this case, the high-frequency image 248 includes the sum of the
high-frequency images (Harr) for the panchromatic (Hp), red (Hg), green (Hg),
and blue (Hg) channels, respectively, produced by the high-frequency filtering
block 246.

In FIG. 3, a thresholding block 250 produced the edge map 204

(FIG. 2) from the high-frequency image 248. Thresholding in block 250 is
generally performed by testing each pixel value in the high-frequency image 248
against a given threshold value. If the pixel value in the high-frequency image 248
is equal to or greater than the given threshold value, the corresponding pixel value

in the edge map is marked as an edge pixel and set to a value that indicates the
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presence of an edge, e.g., one. If the pixel value in the high-frequency image 248
is less than the given threshold value, the corresponding pixel value in the edge
map is marked as a flat pixel and set to a value that indicates the absence of an
edge, e.g., zero. Multiple thresholds can also be used. As an example, after
producing a first edge map using a relatively large first threshold value, a second
edge map is produced from the first edge map and the high-frequency image 248
using a smaller second threshold value. In this case, each pixel location in the first
edge map marked as an edge pixel is automatically marked as an edge pixel in the
second edge map at the corresponding location. In the case of a pixel location in
the first edge map being marked as a flat pixel and at least one of the adjacent
pixel locations being marked as an edge pixel, the corresponding high-frequency
image 248 pixel value is compared to the second threshold value. If the pixel
value in the high-frequency image 248 is equal to or greater than the second
threshold value, the corresponding pixel value in the second edge map is marked
as an edge pixel. If the pixel value in the high-frequency image 248 is less than
the second threshold value, the corresponding pixel value in the second edge map
is marked as a flat pixel. It will be clear to one skilled in the art that this process
can be continued using additional thresholds.

FIG. 5 is a detailed block diagram of the edge map generation
block 202 (FIG. 2) for an alternate embodiment. A low-frequency filtering block
242 produces a low-frequency filtered image 244 from the RGBP CFA image 200
(FIG. 2). A high-frequency filtering block 252 produces a high-frequency image
254 from the low-frequency filtered image 244. A nonmaximum suppression
block 256 produces an edge-thinned high-frequency image 258 from the high-
frequency image 254. Finally, a thresholding block 250 produces the edge map
204 (FIG. 2) from the edge-thinned high-frequency image 258.

In FIG. 5, the low-frequency filtering block 242 is as described in
FIG. 3. The high-frequency filtering block 252 produces a high-frequency image
254 from the panchromatic channel of the low-frequency filtered image 244. The
high-frequency image 254 has three channels. The first channel contains the edge
magnitude value which is the result produced by the same computations as

performed by high-frequency filtering block 246 (FIG. 3). The second channel

-10-
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contains the horizontal gradient value produced by taking the absolute value of a
convolution with a horizontal gradient kernel. An example of such a kernel is
(-1 0 1).
The third channel contains the vertical gradient value produced by taking the
absolute value of a convolution with a vertical gradient kernel. An example of
such a kernel is
-1
0
1

The nonmaximum suppression in block 256 is generally performed
by comparing the horizontal gradient value to the vertical gradient value for each
edge magnitude pixel location. If the horizontal gradient value is greater than or

equal to the vertical gradient value then the direction of nonmaximum suppression

is horizontal. If the vertical gradient value is greater than the horizontal value, the

direction of the nonmaximum suppression is vertical. FIG. 6 is an example pixel
neighborhood of edge magnitude values with the edge magni%ude value E; being
operated on. If the direction of nonmaximum suppression is horizontal, then if E3
is greater than or equal to both E; and Eg, it is left unaltered. Otherwise, E; is set
to zero. If the direction of nonmaximum suppression is vertical, then if E; is
greater than or equal to both E; and Es, it is left unaltered. Otherwise, E; is set to
zero. In FIG. 5, the thresholding block 250 is the same operation as previously
described under FIG. 3.

It will be evident to one skilled in the art that the edge map 204
(FIG. 2) can be enhanced in any number of ways, e.g., through the use of
morphological processing, to reduce the effects of noise or to change the thickness
of the features within the edge map 204 (FIG. 2) in accord with its subsequent use.

Returning to FIG. 2, several examples are now given for the full-
color image enhancement block 212. One such full-color image enhancement is
noise reduction. For each pixel in the full-color image 208, subsequently referred
to as the central pixel, the corresponding value in the edge map 204 is checked to

see if it is marked as either an edge pixel or a flat pixel. If the central pixel is an
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edge pixel, noise reduction of that pixel value can be skipped in order to preserve
the edge detail. If the central pixel is a flat pixel, all of the other flat pixels within
a given radius (distance) of the central pixel are averaged together to produce a
noise-reduced central pixel value.

Another example of full-color image enhancement is sharpening
(edge enhancement.) A sharpening channel can be produced from the full-color
image 208 or from a reference panchromatic channel produced from the RGBP
CFA image 200 as taught in US Patent Application No. 11/621,139, filed January
9,2007. Next, for each pixel in the full-color image 208, subsequently referred to
as the central pixel, the corresponding value in the edge map 204 is checked to see
if it is marked as either an edge pixel or a flat pixel. If the central pixel is an edge
pixel, the full corresponding sharpening channel value is added to the central pixel
value to sharpen the edge detail. If the central pixel is a flat pixel, either a part or
none of the corresponding sharpening channel value is added to the central pixel
value to reduce the unwanted amplification of noise in the full-color image.

Another example of full-color image enhancement is color
correction. Color correction is usually performed by multiplying the color
channels value of the full-color image 208 by a 3x3 matrix into order to produce

the enhanced full-color image 210. This computation takes the following form:

’

R a, a, a;|R
’

G l=|ay ayp ay |G
7

B ay, a; ay |B

where (R,G,B) refer to the full-color image 208 color channels values and
(R',G',B") refer to the enhanced full-color image 210. For each pixel in the full-
color image 208 the corresponding value in the edge map 204 is checked to see if
it is marked as either an edge pixel or a flat pixel. If the pixel is an edge pixel, the
full corresponding color correction is applied to the full-color image 208 pixel
value. If the pixel is a flat pixel, either a partial or no color correction is applied to
the full-color image 208 pixel value to reduce the visibility of noise and image

processing artifacts.

-12-



WO 2008/121272 PCT/US2008/003885

10

15

20

25

30

FIG. 7 is a high-level diagram of an alternate embodiment of the
present invention. The digital camera 134 (FIG. 1) is responsible for creating an
original digital red-green-blue-panchromatic (RGBP) color filter array (CFA)
image 200, also referred to as the digital RGBP CFA image or the RGBP CFA
image. It is noted at this point that other color channel combinations, such as
cyan-magenta-yellow-panchromatic, can be used in place of red-green-blue-
panchromatic in the following description. The key item is the inclusion of a
panchromatic channel. This image is considered to be a sparsely sampled image
because each pixel in the image contains only one pixel value of red, green, blue,
or panchromatic data. An edge map generation block 202 produces an edge map
204 from the RGBP CFA image 200. An RGB CFA image interpolation block
260 produces a full-color image 208 from the RGBP CFA image 200 and the edge
map 204. A full-color image enhancement block 212 produces an enhanced full-
color image 210 from the full-color image 208 and the edge map 204.

In FIG. 7, the RGB CFA image interpolation block 260 can be
performed in any appropriate way known to those skilled in the art. As an
example, a reference panchromatic channel can first be created from the RGBP
CFA image 200 as taught in US Patent Application No. 11/621,139, filed January
9, 2007. This reference panchromatic channel provides a panchromatic value for ~
every pixel in the RGBP CFA image 200. Referring now to FIG. 4, it is assumed
that each pixel location has an associated panchromatic value, Py, and edge map
value, En, where N is the index of the pixel. To compute an estimate for Bg;,
begin by noting the edge map value Eg,. Next, proceed consecutively from pixel
Pg in each of the eight compass directions (N, NE, E, SE, S, SW, W, and NW)
out to a given maximum radius, checking the corresponding edge map values
along the way. Once an edge map value that is different from Eg, is encountered
or the maximum radius has been reached, processing is halted in that given
compass direction. All values of By encountered before the stop condition are
used in the computation of Bg,. In the case of a maximum radius of 5 and the
Gaussian weighting below, if all encountered edge map values are the same as

Es1, then Bg; is computed in the following manner:

-13-
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+ 392O(Bso — B )"’ 560(B64 — P )+ 560(394 — By )+ 3920(B60 _ Pso)
3920+ 560+ 560+ 3920
1 8 28 56 70 56 28 8 1
8 64 224 448 560 448 224 64 8
28 224 784 1568 1960 1568 784 224 28
56 448 1568 3136 3920 3136 1568 448 56
70 560 1960 3920 4900 3920 1960 560 70
56 448 1568 3136 3920 3136 1568 448 56
28 224 784 1568 1960 1568 784 224 28
8 64 224 448 560 448 224 64 8
8 28 56 70 56 28 8

This computation would be reduced if one or more of the corresponding compass
directions were terminated early. In the case that all compass directions are
terminated before reaching any B pixels, then the early Ey termination strategy is
abandoned for the pixel at hand and all of the B pixels encountered are included in
the computation. This approach is used for computing R, G, and B pixel values for
all pixels in the RGBP CFA image 200. As a corollary to this example, the use of
the panchromatic pixel values could be omitted and just the B pixel values used to
produce:

5 - 39208, + 560B,, + 560B,, +3920B,,
o 3920 + 560 + 560 + 3920

The details of the other blocks in FIG. 7 are the same as in the

preferred embodiment, i.e., FIG. 2 et al.

FIG. 8 is a high-level diagram of an alternate embodiment of the
present invention. The digital camera 134 (FIG. 1) is responsible for creating an
original digital red-green-blue-panchromatic (RGBP) color filter array (CFA)
image 200, also referred to as the digital RGBP CFA image or the RGBP CFA
image. It is noted at this point that other color channel combinations, such as
cyan-magenta-yellow-panchromatic, can be used in place of red-green-blue-
panchromatic in the following description. The key item is the inclusion of a
panchromatic channel. This image is considered to be a sparsely sampled image
because each pixel in the image contains only one pixel value of red, green, blue,

or panchromatic data. An edge map generation block 202 produces an edge map
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204 from the RGBP CFA image 200. An RGB CFA image enhancement block
266 produces an enhanced RGB CFA image 268 from the RGBP CFA image 200
and the edge map 204. An RGB CFA image interpolation block 206 produces an
enhanced full-color image 270 from the enhanced RGB CFA image 268.

In FIG. 8, the RGB CFA image enhancement block 266 can be
performed in any appropriate way known to those skilled in the art. As an
example, the RGB CFA image enhancement block 266 can perform noise
reduction to produce a noise-reduced RGB CFA image as the enhanced RGB CFA
image 268. For each pixel in the RGBP CFA image 200, subsequently referred to
as the central pixel, the corresponding value in the edge map 204 is checked to see
if it is marked as either an edge pixel or a flat pixel. If the central pixel is an edge
pixel, noise reduction of that pixel value can be skipped in order to preserve the
edge detail. If the central pixel is a flat pixel, all of the other flat pixels within a
given radius (distance) of the central pixel are averaged together to produce a
noise-reduced central pixel value.

The details of the other blocks in FIG. 8 are the same as in the
preferred embodiment, i.e., FIG. 2 et al.

FIG. 9 is a high-level diagram of an alternate embodiment of the
present invention. The digital camera 134 (FIG. 1) is responsible for creating an
original digital red-green-blue-panchromatic (RGBP) color filter array (CFA)
image 200, also referred to as the digital RGBP CFA image or the RGBP CFA
image. It is noted at this point that other color channel combinations, such as
cyan-magenta-yellow-panchromatic, can be used in place of red-green-blue-
panchromatic in the following description. The key item is the inclusion of a
panchromatic channel. This image is considered to be a sparsely sampled image
because each pixel in the image contains only one pixel value of red, green, blue,
or panchromatic data. An edge map generation block 202 produces an edge map
204 from the RGBP CFA image 200. An RGB CFA image enhancement block
266 produces an enhanced RGB CFA image 268 from the RGBP CFA image 200
and the edge map 204. An RGB CFA image interpolation block 272 produces an
enhanced full-color image 274 from the enhanced RGB CFA image 268 and the
edge map 204.
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In FIG. 9, the edge map generation block 202 is that same as
described in FIG. 2. The RGB CFA image enhancement block 266 is the same as
described in FIG. 8. The RGB CFA image interpolation block 272 is the same as
the RGB CFA image interpolation block 260 as described in FIG. 7.

FIG. 10 is a high-level diagram of an alternate embodiment of the
present invention. The digital camera 134 (FIG. 1) is responsible for creating an
original digital red-green-blue-panchromatic (RGBP) color filter array (CFA)
image 200, also referred to as the digital RGBP CFA image or the RGBP CFA
image. It is noted at this point that other color channel combinations, such as
cyan-magenta-yellow-panchromatic, can be used in place of red-green-blue-
panchromatic in the following description. The key item is the inclusion of a
panchromatic channel. This image is considered to be a sparsely sampled image
because each pixel in the image contains only one pixel value of red, green, blue,
or panchromatic data. An edge map generation block 202 produces an edge map
204 from the RGBP CFA image 200. An RGB CFA image enhancement block
266 produces an enhanced RGB CFA image 268 from the RGBP CFA image 200
and the edge map 204. An RGB CFA image interpolation block 206 produces a
first enhanced full-color image 276 from the enhanced RGB CFA image 268. The *
full-color image enhancement block 212 produces a second enhanced full-color
image 278 from the first enhanced full-color image 276 and the edge map 204.

In FIG. 10, the edge map generation block 202 is that same as
described in FIG. 2. The RGB CFA image enhancement block 266 is the same as
described in FIG. 8. The RGB CFA image interpolation block 206 is the same as
described in FIG. 2. The full-color image enhancement block 212 is the same as
described in FIG. 2.

FIG. 11 is a high-level diagram of an alternate embodiment of the
present invention. The digital camera 134 (FIG. 1) is responsible for creating an
original digital red-green-blue-panchromatic (RGBP) color filter array (CFA)
image 200, also referred to as the digital RGBP CFA image or the RGBP CFA
image. It is noted at this point that other color channel combinations, such as

cyan-magenta-yellow-panchromatic, can be used in place of red-green-blue-
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panchromatic in the following description. The key item is the inclusion of a
panchromatic channel. This image is considered to be a sparsely sampled image
because each pixel in the image contains only one pixel value of red, green, blue,
or panchromatic data. An edge map generation block 202 produces an edge map
204 from the RGBP CFA image 200. An RGB CFA image enhancement block
266 produces an enhanced RGB CFA image 268 from the RGBP CFA image 200
and the edge map 204. An RGB CFA image interpolation block 272 produces a
first enhanced full-color image 280 from the enhanced RGB CFA image 268 and
the edge map 204. The full-color image enhancement block 212 produces a
second enhanced full-color image 282 from the first enhanced full-color image
280 and the edge map 204.

In FIG. 11, the edge map generation block 202 is that same as
described in FIG. 2. The RGB CFA image enhancement block 266 is the same as -
described in FIG. 8. The RGB CFA image interpolation block 272 is the same as
described in FIG. 9. The full-color image enhancement block 212 is the same as
described in FIG. 2.

The edge map-based algorithms disclosed in the preferred
embodiments of the present invention can be employed in a variety of user
contexts and environments. Exemplary contexts and environments include,
without limitation, wholesale digital photofinishing (which involves exemplary
process steps or stages such as film in, digital processing, prints out), retail digital
photofinishing (film in, digital processing, prints out), home printing (home
scanned film or digital images, digital processing, prints out), desktop software
(software that applies algorithms to digital prints to make them better -or even just
to change them), digital fulfillment (digital images in - from media or over the
web, digital processing, with images out - in digital form on media, digital form
over the web, or printed on hard-copy prints), kiosks (digital or scanned input,
digital processing, digital or scanned output), mobile devices (e.g., PDA or cell
phone that can be used as a processing unit, a display unit, or a unit to give
processing instructions), and as a service offered via the World Wide Web.

In each case, the edge map-based algorithms can stand alone or can

be a component of a larger system solution. Furthermore, the interfaces with the
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algorithm, e.g., the scanning or input, the digital processing, the display to a user
(if needed), the input of user requests or processing instructions (if needed), the
output, can each be on the same or different devices and physical locations, and
communication between the devices and locations can be via public or private
network connections, or media based communication. Where consistent with the
foregoing disclosure of the present invention, the algorithms themselves can be
fully automatic, can have user input (be fully or partially manual), can have user
or operator review to accept/reject the result, or can be assisted by metadata
(metadata that can be user supplied, supplied by a measuring device (e.g. in a
camera), or determined by an algorithm). Moreover, the algorithms can interface
with a variety of workflow user interface schemes.

The edge map-based algorithms disclosed herein in accordance
with the invention can have interior components that use various data detection
and reduction techniques (e.g., face detection, eye detection, skin detection, flash

detection).
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PARTS LIST
Computer System
Microprocessor-based Unit
Display
Keyboard
Mouse
Selector on Display
Disk Drive Unit
Compact Disk - read Only Memory (CD-ROM)
Floppy Disk
Network Connection
Printer
Personal Computer Card (PC card)
PC Card Reader
Digital Camera
Camera Docking Port
Cable Connection
Wireless Connection
RGBP CFA Image
Edge Map Generation
Edge Map
RGB CFA Image Interpolation
Full-Color Image
Enhanced Full-Color Image
Full-Color Image Enhancement
Low-Frequency Filtering
Low-Frequency Filtered Image
High-Frequency Filtering
High-Frequency Image
Thresholding
High-Frequency Filtering
High-Frequency Image
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260
266
268
270
272
274
276
278
280
282
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Nonmaximum Suppression
Edge-Thinned High-Frequency Image
RGB CFA Image Interpolation
RGB CFA Image Enhancement
Enhanced RGB CFA Image
Enhanced Full-Color Image

RGB CFA Image Interpolation
Enhanced Full-Color Image

First Enhanced Full-Color Image
Second Enhanced Full-Color Image
First Enhanced Full-Color Image
Second Enhanced Full-Color Image
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CLAIMS:

1. A method of providing an enhanced full-color image of a
scene, comprising:

a. -using a captured image of the scene that was captured by a
two-dimensional sensor array having both color and panchromatic pixels;

b. forming an edge map in response to the pahchromatic
pixels;

c. forming the full-color image in response to the captured
color pixels; and

d. using the edge map to enhance the full-color image.

2. The method according to claim 1 wherein element ¢
includes using both the captured color pixels and the captured panchromatic pixels’

to form the full color image.
3. The method according to claim 1 wherein element b
includes using both the captured color pixels and the captured panchromatic pixels

to form the edge map.

4. The method according to claim 2 further using the edge

map to form the full color image.

5. The method according to claim 1 wherein the edge map is

used to provide noise cleaning.

6. The method according to claim 1 wherein the edge map is

used to provide sharpening.

7. The method according to claim 1 wherein the edge map is

used to provide color correction.
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8. The method according to claim 1 further including
modifying the captured color pixels or panchromatic pixels or both prior to

forming the full-color image
5 9. The method according to claim 1 wherein modifying the

captured color pixels includes noise cleaning the captured colored pixels prior to

forming the full-color image.
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