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PATTERN CONVERSION FOR
INTERPOLATION

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED PATENT
[APPLICATIONS] APPLICATION

This application is a Reissue of U.S. Pat. No. 8,818,085
(previously U.S. patent application Ser. No. 13/902 368,
filed May 24, 2013) which 1s a Continuation of U.S. appli-
cation Ser. No. 11/862,230, filed Sep. 27, 2007, the disclo-

sure of which 1s incorporated herein.

FIELD

This disclosure relates to providing a two-dimensional
color 1mage starting from a color pattern image.

BACKGROUND

An electronic 1maging system depends on an electronic
image sensor to create an electronic representation of a
visual 1image. Examples of such electronic image sensors
include charge coupled device (CCD) image sensors and
active pixel sensor (APS) devices (APS devices are often
referred to as CMOS sensors because of the ability to
fabricate them 1n a Complementary Metal Oxide Semicon-
ductor process). Typically, these 1mage sensors include a
number of light sensitive pixels, often arranged 1n a regular
pattern of rows and columns. For capturing color images, a
pattern of filters called a color filter array (CFA), 1s typically
fabricated on the pattern of pixels, with different filter
materials being used to make individual pixels sensitive to
only a portion of the visible light spectrum. The most
common two-dimensional CFA pattern 1s the Bayer CFA
pattern U.S. Pat. No. 3,971,065. When a CFA 1s employed,
some way ol combining spatially separated pixels that
sample diflerent spectral bands (diflerent colors or possibly
different wavelength bands outside the visible region) is
required. This process 1s called demosaicing or CFA inter-
polation.

While the terminology used here started with color filter
arrays, 1t 1s possible for a single channel image to have a
color pattern like a CFA pattern, even though there 1s not a
one to one correspondence between the pixels 1n the image
and individual filtered photoreceptors on an 1mage sensor.
These 1images have spatially separated pixels that sample
different spectral bands (ditierent colors or possibly different
wavelength bands extending outside the visible region).
These 1mages are referred to as color pattern 1images and
include 1mages captured with a color filter array as a subset
of color pattern 1mages.

A color pattern 1s defined by the combination of a minimal
repeating unit and set ol eflective spectral sensitivities.
Processing an image with an RGB Bayer color pattern to
produce a smaller image with an RGB Bayer color pattern
1s known 1n the prior art, such as in U.S. Pat. No. 6,366,318.
This processing changes the size of a color pattern image,
but does not produce an 1mage with a different color pattern.
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For any of these color pattern images, 1f one or more of
the wavelength bands extend outside the visible region, the
resulting fully populated image may be a pseudo color
1mage.

In this discussion, the full size of a color pattern 1mage 1s
defined as the pixel dimension of the single channel color
pattern 1mage, regardless of the color pattern. The result of
color pattern interpolation 1s to produce an i1mage with
multiple color channels populated for each pixel. Often, the
image output from color pattern interpolation has the same
dimensions as the starting single channel color pattern
image. Interpolation of a single channel color pattern 1mage
can also produce a smaller or larger output 1mage, but in all
cases, multiple color channels are populated for each pixel.
It 1s common for the output image to be smaller than the
input 1mage, for example in preparing a low-resolution
preview 1mage from a large color pattern image.

A poor color pattern interpolation will produce color and
spatial artifacts that are not consistent with the original
scene. The Bayer pattern has a long history so there are a
large number of techniques available for converting a Bayer
color pattern 1image into a full color 1mage. Because these
techniques have been developed over an extended period of
time they are fairly eflicient and robust, providing good
color pattern interpolation.

In development of 1mage sensors with novel CFA pat-
terns, there 1s a need for the development of complementary
processing algorithms. At the same time, there 1s an existing
base of well-understood algorithms and hardware optimized
for existing color pattern patterns such as the Bayer CFA.
There 1s a need to process 1mages with novel color patterns
using existing algorithms and hardware.

SUMMARY

It 1s therefore an object of the present invention to provide
an 1mproved way of interpolating color pattern 1images to
tull color 1images or pseudo color 1mages so the resulting
image better represents the original subject.

The object 1s achieved by a method of processing a digital
image having a predetermined color pattern, comprising;:

(a) converting the predetermined color pattern of the

digital 1mage mto a converted digital 1image having a
different desired color pattern; and

(b) using algorithms adapted for use with the desired color

pattern for processing the converted digital image.

This and other aspects, objects, features and advantages of
the present invention will be more clearly understood and
appreciated from a review of the following detailed descrip-
tion of the preferred embodiments and appended claims, and
by reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a conventional digital still
camera system that can employ a conventional sensor and
processing methods or the sensor and processing methods of
the current invention;

FIG. 2 (prior art) 1s conventional Bayer color filter array
pattern showing a minimal repeating unit and a non-minimal
repeating unit;

FIG. 3 provides representative spectral quantum efli-
ciency curves for red, green, and blue pixels, as well as a
wider spectrum panchromatic quantum efliciency, all mul-
tiplied by the transmission characteristics of an infrared cut
filter;
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FIG. 4 1s a block diagram for processing an image with a
predefined color pattern to a full color image;

FIGS. SA-5] illustrate several steps 1n the process shown
in FIG. 4;

FIG. 6 1s a block diagram for processing an image with a
predefined color pattern to a full color image;

FIGS. 7A-TH illustrate several steps 1n the process shown
in FIG. 6;

FIG. 8 15 a block diagram for processing an image with a
predefined color pattern to a full color image;

FIG. 9 illustrates a step in the process shown in FIG. 8;

FIG. 10 1s a block diagram for processing an image with
a predefined color pattern to a full color image; and

FIGS. 11A-11F illustrate several steps in the process

shown 1n FIG. 10.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(L]

Because digital cameras employing imaging devices and
related circuitry for signal capture and correction and for
exposure control are well known, the present description
will be directed 1n particular to elements forming part of, or
cooperating more directly with, method and apparatus 1n
accordance with the present invention. Elements not spe-
cifically shown or described herein are selected from those
known 1n the art. Certain aspects of the embodiments to be
described are provided in software. Given the system as
shown and described according to the mmvention in the
following materials, soiftware not specifically shown,
described or suggested herein that 1s useful for implemen-
tation of the invention 1s conventional and within the ordi-
nary skill in such arts.

Turning now to FIG. 1, a block diagram of an image
capture device shown as a digital camera embodying the
present mvention 1s shown. Although a digital camera will
now be explained, the present invention 1s clearly applicable
to other types of image capture devices. In the disclosed
camera, light 10 from the subject scene i1s iput to an
imaging stage 11, where the light 1s focused by a lens 12 to
form an i1mage on a solid state 1image sensor 20. Image
sensor 20 converts the mcident light to an electrical signal
for each picture element (pixel). The image sensor 20 of the
preferred embodiment 1s a charge coupled device (CCD)
type or an active pixel sensor (APS) type (APS devices are
often referred to as CMOS sensors because of the ability to
tabricate them 1n a Complementary Metal Oxide Semicon-
ductor process). Other types of 1mage sensors having two-
dimensional array of pixels are used provided that they
employ the patterns of the present invention. The present
invention also makes use of an 1mage sensor 20 having a
two-dimensional array of pixels that can be divided into
groups that are sensitive to different wavelength bands. The
groups ol pixels are in a pattern with some minimum
repeating element. An 1ris block 14 and a filter block 13
regulate the amount of light reaching the image sensor 20.
The inis block 14 varies the aperture and a filter block 13
includes one or more ND filters interposed in the optical
path. Also regulating the overall light level 1s the time that
a shutter block 18 1s open. An exposure controller block 40
responds to the amount of light available 1n the scene as
metered by a brightness sensor block 16 and controls all
three of these regulating functions.

This description of a particular camera configuration will
be familiar to one skilled in the art, and it will be obvious
that many variations and additional features are present. For
example, an autofocus system 1s added, or the lenses are
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detachable and interchangeable. It will be understood that
the present invention 1s applied to any type of digital camera,
where similar functionality 1s provided by alternative com-
ponents. For example, the digital camera 1s a relatively
simple point and shoot digital camera, where the shutter 18
1s a relatively simple movable blade shutter, or the like,
instead of the more complicated focal plane arrangement.
The present mvention can also be practiced on 1maging
components included 1n non-camera devices such as mobile
phones and automotive vehicles.

The analog signal from 1mage sensor 20 1s processed by
an analog signal processor 22 and applied to an analog to
digital (A/D) converter 24. A timing generator 26 produces
various clocking signals to select rows and pixels and
synchronizes the operation of analog signal processor 22 and
A/D converter 24. An 1mage sensor stage 28 includes the
image sensor 20, the analog signal processor 22, the A/D
converter 24, and the timing generator 26. The components
ol 1mage sensor stage 28 are separately fabricated integrated
circuits, or they are fabricated as a single integrated circuit
as 1s commonly done with CMOS image sensors. The

resulting stream of digital pixel values from A/D converter
24 1s stored 1n memory 32 associated with a digital signal
processor (DSP) 36.

Digital signal processor 36 1s one of three processors or
controllers 1n this embodiment, in addition to a system
controller 50 and exposure controller 40. Although this
partitioning of camera functional control among multiple
controllers and processors 1s typical, these controllers or
processors are combined 1n various ways without affecting
the functional operation of the camera and the application of
the present invention. These controllers or processors can
include one or more digital signal processor devices, micro-
controllers, programmable logic devices, or other digital
logic circuits. Although a combination of such controllers or
processors has been described, 1t should be apparent that one
controller or processor 1s designated to perform all of the
needed functions. All of these variations can perform the
same function and fall within the scope of this invention, and
the term “processing stage” will be used as needed to
encompass all of this functionality within one phrase, for
example, as 1n processing stage 38 i FIG. 1.

In the illustrated embodiment, DSP 36 manipulates the
digital image data in 1ts memory 32 according to a software
program permanently stored i program memory 34 and
copied to memory 32 for execution during image capture.
DSP 36 executes the software necessary for practicing image
processing [shown in FIG. 18]. Memory 32 includes of any
type of random access memory, such as SDRAM. A bus 30
includes a pathway for address and data signals connects
DSP 36 to 1ts related memory 32, A/D converter 24 and other
related devices.

System controller 50 controls the overall operation of the
camera based on a software program stored in program
memory 54, which can include Flash EEPROM or other
nonvolatile memory. This memory can also be used to store
image sensor calibration data, user setting selections and
other data which must be preserved when the camera 1s
turned ofl. System controller 50 controls the sequence of
image capture by directing exposure controller 40 to operate
the lens 12, ND filter 13, 1ris 14, and shutter 18 as previously
described, directing the timing generator 26 to operate the
image sensor 20 and associated elements, and directing DSP
36 to process the captured image data. After an 1mage 1s
captured and processed, the final image file stored 1n
memory 32 1s transierred to a host computer via interface 57,
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stored on a removable memory card 64 or other storage
device, and displayed for the user on an 1mage display 88.

A bus 52 includes a pathway for address, data and control
signals, and connects system controller 50 to DSP 36,
program memory 34, system memory 56, host interface 57,
memory card interface 60 and other related devices. Host
intertace 57 provides a high-speed connection to a personal
computer (PC) or other host computer for transier of image
data for display, storage, manipulation or printing. This
interface 1s an IEEE1394 or USB2.0 serial interface or any
other suitable digital interface. Memory card 64 1s typically
a Compact Flash (CF) card inserted into a memory card
socket 62 and connected to the system controller S0 via
memory card interface 60. Other types of storage that are
utilized include without limitation PC-Cards, MultiMedia
Cards (MMC), or Secure Digital (SD) cards.

Processed 1mages are copied to a display bufler 1n system
memory 36 and continuously read out via video encoder 80
to produce a video signal. This signal 1s output directly from
the camera for display on an external monitor, or processed
by a display controller 82 and presented on 1mage display
88. This display 1s typically an active matrix color liqud
crystal display (LCD), although other types of displays are
used as well.

The user interface, including all or any combination of a
viewlinder display 70, an exposure display 72, a status
display 76 and image display 88, and user inputs 74, is
controlled by a combination of software programs executed
on exposure controller 40 and system controller 50. The user
iputs 74 typically includes some combination of buttons,
rocker switches, joysticks, rotary dials or touch screens.
Exposure controller 40 operates light metering, exposure
mode, autofocus and other exposure functions. The system
controller 50 manages the graphical user interface (GUI)
presented on one or more of the displays, e.g., on 1mage
display 88. The GUI typically includes menus for making
various option selections and review modes for examiming,
captured 1mages.

Exposure controller 40 accepts user mputs 74 selecting
exposure mode, lens aperture, exposure time (shutter speed),
and exposure 1mndex or ISO speed rating and directs the lens
and shutter accordingly for subsequent captures. Brightness
sensor 16 1s employed to measure the brightness of the scene
and provide an exposure meter function for the user to refer
to when manually setting the ISO speed rating, aperture and
shutter speed. In this case, as the user changes one or more
settings, the light meter indicator presented on viewlinder
display 70 tells the user to what degree the image will be
over or underexposed. In an automatic exposure mode, the
user changes one setting and the exposure controller 40
automatically alters another setting to maintain correct expo-
sure, €.g., for a given ISO speed rating when the user reduces
the lens aperture the exposure controller 40 automatically
increases the exposure time to maintain the same overall
exposure.

The ISO speed rating 1s an important attribute of a digital
still camera. The exposure time, the lens aperture, the lens
transmittance, the level and spectral distribution of the scene
i1llumination, and the scene reflectance determine the expo-
sure level of a digital still camera. When an 1image from a
digital still camera 1s obtained using an insuilicient expo-
sure, proper tone reproduction can generally be maintained
by increasing the electromic or digital gain, but the image
will contain an unacceptable amount of noise. As the expo-
sure 1s 1ncreased, the gain 1s decreased, and therefore the
image noise can normally be reduced to an acceptable level.
I1 the exposure 1s increased excessively, the resulting signal
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in bright areas of the 1mage can exceed the maximum signal
level capacity of the image sensor or camera signal process-
ing. This can cause 1mage highlights to be clipped to form
a uniformly bright area, or to bloom into surrounding areas
of the image. It 1s important to guide the user 1n setting
proper exposures. An ISO speed rating 1s intended to serve
as such a guide. In order to be easily understood by
photographers, the ISO speed rating for a digital still camera
should directly relate to the ISO speed rating for photo-
graphic film cameras. For example, if a digital still camera
has an ISO speed rating of ISO 200, then the same exposure
time and aperture should be appropriate for an ISO 200 rated
film/process system.

The ISO speed ratings are intended to harmonize with
film ISO speed ratings. However, there are diflerences
between electronic and film-based imaging systems that
preclude exact equivalency. Digital still cameras can include
variable gain, and can provide digital processing after the
image data has been captured, enabling tone reproduction to
be achieved over a range of camera exposures. It 1s therefore
possible for digital still cameras to have a range of speed
ratings. This range 1s defined as the ISO speed latitude. To
prevent confusion, a single value 1s designated as the mher-
ent ISO speed rating, with the ISO speed latitude upper and
lower limits indicating the speed range, that 1s, a range
including effective speed ratings that difler from the inherent
ISO speed rating. With this 1n mind, the inherent ISO speed
1s a numerical value calculated from the exposure provided
at the focal plane of a digital still camera to produce
specified camera output signal characteristics. The inherent
speed 1s usually the exposure index value that produces peak
image quality for a given camera system for normal scenes,
where the exposure index i1s a numerical value that 1s
inversely proportional to the exposure provided to the image
SEeNsor.

The foregoing description of a digital camera will be
tamiliar to one skilled 1n the art. It will be obvious that there
are many variations of this embodiment that are possible and
1s selected to reduce the cost, add features or improve the
performance of the camera. The following description will
disclose 1n detail the operation of this camera for capturing
images according to the present invention. Although this
description 1s with reference to a digital camera, 1t will be
understood that the present invention applies for use with
any type of 1mage capture device having an 1image sensor
with color and panchromatic pixels.

The 1image sensor 20 shown 1n FIG. 1 typically includes
a two-dimensional array of light sensitive pixels fabricated
on a silicon substrate that provide a way ol converting
incoming light at each pixel imto an electrical signal that 1s
measured. As the image sensor 20 1s exposed to light, free
clectrons are generated and captured within the electronic
structure at each pixel. Capturing these free electrons for
some period of time and then measuring the number of
clectrons captured, or measuring the rate at which {free
clectrons are generated can measure the light level at each
pixel. In the former case, accumulated charge 1s shifted out
of the array of pixels to a charge to voltage measurement
circuit as 1n a charge coupled device (CCD), or the area close
to each pixel can contain elements of a charge to voltage
measurement circuit as in an active pixel sensor (APS or
CMOS sensor).

Whenever general reference 1s made to an 1mage sensor in
the fTollowing description, 1t 1s understood to be representa-
tive of the image sensor 20 from FIG. 1. It 1s further
understood that all examples and their equivalents of 1image
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sensor architectures and pixel patterns of the present imnven-
tion disclosed 1n this specification 1s used for 1image sensor
20.

In the context of an 1image sensor, a pixel (a contraction
of “picture element”) refers to a discrete light sensing area
and charge shifting or charge measurement circuitry asso-
ciated with the light sensing area. In the context of a digital
color image, the term pixel commonly refers to a particular
location 1n the 1mage having associated color values.

In order to produce a color image, the array of pixels in
an 1mage sensor typically has a pattern of color filters placed
over them. FIG. 2 shows a pattern of red, green, and blue
color filters that 1s commonly used. This particular pattern 1s
commonly known as a Bayer color filter array (CFA) after
its inventor Bryce Bayer as disclosed in U.S. Pat. No.
3,971,065. This pattern 1s effectively used 1n 1image sensors
having a two-dimensional array of color pixels. As a result,
cach pixel has a particular color photoresponse that, in this
case, 1s a predominant sensitivity to red, green or blue light.
Another useful variety of color photoresponses 1s a predomi-
nant sensitivity to magenta, yellow, or cyan light. In each
case, the particular color photoresponse has high sensitivity
to certain portions of the visible spectrum, while simulta-
neously having low sensitivity to other portions of the
visible spectrum. The term color pixel will refer to a pixel
having a spectrally selective photoresponse. Note that this
definition specifically can include spectral sensitivities that
g0 outside the visible range.

The set of color photoresponses selected for use 1n a
sensor usually has three colors, as shown 1n the Bayer CFA,
but 1t can also include four or more. As used herein, a
panchromatic photoresponse refers to a photoresponse hav-
ing a wider spectral sensitivity than those spectral sensitivi-
ties represented 1n the selected set of color photoresponses.
A panchromatic photosensitivity can have high sensitivity
across the entire visible spectrum. The term panchromatic
pixel will refer to a pixel having a panchromatic photore-
sponse. Although the panchromatic pixels generally have a
wider spectral sensitivity than the set of color photore-
sponses, each panchromatic pixel can have an associated
filter. Such filter 1s either a neutral density filter or a color
filter.

When a pattern of color and panchromatic pixels 1s on the
face of an 1mage sensor, each such pattern has a repeating
unit that 1s a contiguous sub array of pixels that acts as a
basic building block. By juxtaposing multiple copies of the
repeating unit, the entire sensor pattern i1s produced. The
juxtaposition of the multiple copies of repeating units 1s
done 1n diagonal directions as well as 1n the horizontal and
vertical directions.

A minimal repeating unit 1s a repeating unit such that no
other repeating unit has fewer pixels. For example, the CFA
in FI1G. 2 includes a mimimal repeating unit that 1s two pixels
by two pixels as shown by pixel block 100 in FIG. 2.
Multiple copies of this minimal repeating unit are tiled to
cover the entire array of pixels 1n an 1image sensor. The
minimal repeating unit is shown with a [green] red pixel in
the upper right corner, but three alternative minimal repeat-
ing units can easily be discerned by moving the heavy
outlined area one pixel to the right, one pixel down, or one
pixel diagonally to the right and down. Although pixel block
102 1s a repeating unit, 1t 1s not a minimal repeating unit
because pixel block 100 1s a repeating unit and pixel block
100 has fewer pixels than pixel block 102.

An 1mage captured using an 1mage sensor having a
two-dimensional array with the CFA of FIG. 2 has only one
color value at each pixel. In order to produce a full color
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image, there are a number of techniques for inferring or
interpolating the missing colors at each pixel. These CFA or
color pattern interpolation techniques are well known in the
art and reference 1s made to the following U.S. Pat. Nos.
5,506,619; 5,629,734; and 5,652,621.

FIG. 3 shows the relative spectral sensitivities of the
pixels with red, green, and blue color filters 1n a typical
camera application. The X-axis in FIG. 3 represents light

wavelength 1n nanometers, and the Y-axis represents efli-
ciency. In FIG. 3, curve 110 represents the spectral trans-
mission characteristic of a typical filter used to block infra-
red and ultraviolet radiation from reaching the 1mage sensor.
Such a filter 1s needed because the color filters used for
image sensors typically do not block infrared radiation,
hence the pixels are unable to distinguish between infrared
radiation and light that 1s within the pass bands of their
associated color filters. The infrared blocking characteristic
shown by curve 110 prevents infrared radiation from cor-
rupting the visible light signal. The spectral quantum efli-
ciency, 1.e. the proportion of incident photons that are
captured and converted into a measurable electrical signal,
for a typical silicon sensor with red, green, and blue filters
applied 1s multiplied by the spectral transmission character-
istic of the infrared blocking filter represented by curve 110
to produce the combined system quantum efliciencies rep-
resented by curve 114 for red, curve 116 for green, and curve
118 for blue. It 1s understood from these curves that each
color photoresponse 1s sensitive to only a portion of the
visible spectrum. By contrast, the photoresponse of the same
silicon sensor that does not have color filters applied (but
including the infrared blocking filter characteristic) 1s shown
by curve 112; this 1s an example of a panchromatic photo-
response. By comparing the color photoresponse curves 114,
116, and 118 to the panchromatic photoresponse curve 112,
it 1s clear that the panchromatic photoresponse is three to
four times more sensitive to wide spectrum light than any of
the color photoresponses. In the case where spectral sensi-
tivity outside the visible range 1s desired, such as a camera
providing pseudo color images from IR, visible, and UV
data, the infrared blocking filter will need to be adjusted 1n
concert with the CFA filtration to provide the desired overall
spectral sensitivity.

The greater panchromatic sensitivity shown i FIG. 3
permits improving the overall sensitivity of an 1image sensor
by intermixing pixels that imclude color filters with pixels
that do not include color filters. This process produces pixels
with different effective spectral sensitivities [then] #2an the
original color pixels or the panchromatic pixels. Intermixing
pixels having the same spectral sensitivity produces pixels
that have the same eflective spectral sensitivity as the
original pixels.

A preferred embodiment of this immvention 1s shown 1n
FIG. 4, which applies for a predefined color pattern shown
below:

yolla- Mo lia-
s Nvelie-Mey
ola-N-Na"
e Nole -

In this embodiment, a color image with a predefined color
pattern 500, 1s processed to a high-resolution color 1image
590. The predefined color pattern is illustrated in FIG. 5A.

The first step 1in processing this image 1s to interpolate 505
panchromatic pixels in the predefined color pattern to a
high-resolution panchromatic 1mage 510. A preferred
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method for doing this 1s bilinear interpolation, illustrated by
the diagonal lines connecting pairs of circled pixels in FIG.
5B. Specifically, several of the pixels shown 1n FIG. 5C are
computed as follows:

PI0=(P0+P5)/2
PI1=(P2+P5)/2
PI2=(P2+P7)/2

PI3=(P5+Pg)/2

The high-resolution panchromatic 1image can be enhanced
512. This enhancement can include sigma filtering noise
reduction, taking care not to iniringe on the image detail.
The resulting enhanced high-resolution [panchromaticim-
agel panchromatic image 515 is used for enhancement of the
color image. In step 517, the enhanced high-resolution
[panchromaticimage] panchromatic image 515 1is sub-
sampled so it 1s the same size as the interpolated low-
resolution color 1mage 540, producing a low-resolution
[panchromaticimage] panchromatic image 520. The low-
resolution [panchromaticimage] panchromatic image 520 is
shown 1n FIG. 5D.

The color pixels 1 each cell of the predefined color
pattern 500 are interpolated 523 to produce a low-resolution
Bayer color pattern image 530. The interpolation in 525 1s
illustrated by the diagonal lines connecting circled pixels 1n
FIG. 5E. The resulting Bayer color pattern image 530 1is

illustrated 1 FIG. SF. The pixels shown in FIG. SF are
computed as follows:

GIO=(G1+G4)/2
RI2=(R3+R6)/2
BI6=(B9+B12)/2

GI8=(G11+G14)/2

The low-resolution Bayer color pattern image 330 1s inter-
polated using an algorithm [is] selected from known algo-
rithms in processing step 3535, producing an interpolated
low-resolution color image 540. This terpolated low-
resolution color image 540 1s 1llustrated 1n FIG. 5G. In step
545, the low-resolution [panchromaticimage] panchromatic
image 520 1s subtracted from the interpolated low-resolution
color 1mage 3540, producing a low-resolution color difler-
ence 1mage 350, illustrated in FIG. SH. In step 560, the
low-resolution color difference 1mage 550 1s enhanced using
the low-resolution panchromatic 1mage 520, producing an
enhanced low-resolution color difference 1mage 570. This
enhancement can include noise reduction.

In step 375, the enhanced low-resolution color difference
image 570 1s interpolated, such as with bilinear or bicubic
1nterpolat1011 to produce a high-resolution color difference
image 580, illustrated 1n FIG. 3I. In step 385, the enhanced
high-resolution [panchromaticimage] panchromatic image
515 1s added to the high-resolution color difference image
580, producing the high-resolution color image 590, 1llus-
trated 1n FIG. 5]J. The processing flow shown here includes
only spatial operations. Other operations known to those
skilled 1n the art of color 1image processing, such as tone
scale, color balance, color correction, and gamma correction
would all be mncluded 1n a complete processing chain.

A second preferred embodiment for this invention 1s
shown 1 FIG. 6. This processing flow starts with an 1image
having a predefined color pattern 600, which is illustrated in

FIG. 7A and shown below:
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The preferred processing for this pattern begins with the
extraction ol panchromatic pixels 605 from the starting
image, shown here for clarity as a distinct sparse panchro-
matic 1image 610 1n FIG. 7B. In this embodiment, the next
processing step 615 1s the iterpolation of alternating pan-
chromatic pixels 615, to create a panchromatic 1mage with
a checkerboard pattern 620.

The preferred calculations for step 615 are shown below,
referring to FIGS. 7A-7C. The steps shown adaptively
interpolate a pixel value P10 for the location occupied by

pixel G10. These calculations use pixels P5, P7, P13, P15,
and four additional temporary pixel values.

PT6=(P5+P7)/2
PT9=(P5+P13)/2
PT11=(P7+P15)72

PT14=(P13+P15)/2

To find a pan interpolated value for the position held by G10
the pair of pixels with the smallest difference 1s used to
interpolate P10.

gradBackslash=abs(P5-P15)
oradSlash=abs(P7-P13)
oradVert=abs(PT6-PT14)

oradHoriz=abs(PT9-PT11)

These four classifiers are tested and the minmimum value 1s
found. The predictor complementing the minimum classifier
1s used to predict P10.

predBackslash=(P5+P15)/2

predSlash=(P7+P13)/2
predVert=(PT6+PT14)/2

predHoriz=(PT9+PT11)/2

If the absolute value of gradBackslash—gradSlash 1s below a
threshold then P35 can be the average of P35, P7, P13, and
P15.

The result of the interpolation step 615 produces the
panchromatic 1image with checkerboard pattern 620, illus-
trated in FIG. 7D.

The next step 630 1s interpolation of the panchromatic
image with checkerboard pattern 620 to a full panchro-
maticimage 640, illustrated in FIG. 7E. Note that step 630 1s
essentially 1identical to the problem of interpolating the green
channel 1n the standard Bayer pattern image, allowing use of
known algorithms techniques for this processing step.

Returning to the top of FIG. 6, step 650 interpolates green
pixel values for pan pixel locations in the starting color
image 600, filling 1n the green checkerboard of a standard
Bayer color image 660.

The preferred calculations for step 650 are shown below,
referring to FIGS. 7A and 7F. These calculations adaptively
interpolate a pixel value GS for the location occupied by
pixel P5. These calculations use pixels G0, G2, G8, and G10

and four additional temporary pixel values.
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GT1=(G0+G2)/2
GT9=(G8+G10)/2
GT4=(GO+GR)/2

GT6=(G2+G10)/2

To find a green interpolated value for the position held by P3
the pair of pixels with the smallest difference 1s used to
interpolate G5

oradBackslash=abs(G0-(G10)
oradSlash=abs(G8-(G2)

oradVert=abs(GT1-GTY)

gradHoriz=abs(GT4-GT6)

These four classifiers are tested and the minimum value 1s
tound. The predictor complementing the minimum classifier
1s used to predict G5.

predBackslash=(G0+G10)/2
predSlash=(G2+G8)/2
predVert=(GT1+GT9)/2

predHoriz=(GT4+GT6)

If the absolute value of gradBackslash—gradSlash 1s below a
threshold then GS can be the average of G0, G2, G8, and
(G10. The result of this mterpolation step 1s an RGB Bayer
pattern, illustrated 1 FIG. 7G. At this point, a known
technique for conventional Bayer pattern interpolation 665
1s used to produce a full resolution color 1image 670, 1llus-
trated 1n FIG. 7TH. This process gives us the full resolution
color image 670 and the full resolution panchromatic image
640. The full resolution panchromatic 1mage 640 is used to
enhance the full resolution color 1image 670 1n processing
step 680, such as using the panchromatic 1image to guide
noise reduction and sharpening of the full color image,
producing an enhanced full resolution color 1image 690.

A third preferred embodiment for this invention i1s shown
in FIG. 8. This processing flow starts with an 1image having
a predefined color pattern 600, which 1s illustrated 1n FIG.
7A and shown below:

veli @ Rve iR g
o Y
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The preferred processing for this pattern begins with the
interpolation of panchromatic pixels 705 from the starting
image to create a Bayer pattern RPB 1image 710, illustrated
in FIG. 9. The preferred calculations for step 705 are the
same as those shown in the second embodiment for inter-
polating a pan checkerboard. The next processing step 1s the
use of a known techmque for Bayer pattern interpolation 715
to create a full resolution RPB 1mage 720. This image 1s a
tull three color 1mage, although the effective spectral sen-
sitivity of the panchromatic channel 1s not a good match to
a color matching function.

Returning to the top of FIG. 8, step 750 interpolates green
pixel values for pan pixel locations in the starting color
image 600, filling 1n the green checkerboard of a standard
Bayer color image 760. The preferred calculations for step
750 are the same as those for step 650 in the second
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embodiment. At this point, a known technique for conven-
tional Bayer pattern interpolation 765 1s used to produce a

full color RGB 1mage 770. In step 780, the full resolution
RPB 1image 720 1s used to enhance the full color RGB 1mage
770, such as using the panchromatic image to guide noise
reduction and sharpening of the full color image, producing
an enhanced full resolution color 1image 790.

A Tfourth preferred embodiment for this invention 1is
shown 1n FIG. 10. This processing flow starts with an image

having a predefined color pattern 500, which is illustrated in
FIG. 11A and shown below:

wils-Nola
s Movlle-Ney
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The processing for this embodiment begins with the inter-
polation of color pixels 825 from the starting 1image to create
a low resolution Bayer pattern RGB 1mage 830, illustrated
in FIG. 11C. A preferred method for doing this 1s bilinear
interpolation, illustrated by the diagonal lines connecting
pairs of circled pixels in FIG. 11B. Specifically, the pixels
shown 1n FIG. 11D are computed as follows:

GIO=(G1+G4)/2
RI2=(R3+R6)/2
BI6=(B12+B9)/2

GI8=(G11+G14)/2

Step 8235 can also include panchromatic pixels 1n the inter-
polation, as illustrated 1n FIG. 11C. Specifically, several of
the pixels shown 1n FIG. 11D can be computed as follows:

GIO=(G1+G4+P0+P5)/4
RI2=(R3+R6+P2+P7)/4
BI6=(B12+B9+P8+P13)/4

GI8-(G11+G14+P10+P15)/4

In this case, the Bayer color pattern image produced has
different eflective spectral sensitivities than the original
color and panchromatic pixels. By mixing panchromatic and
color pixels, the color pixels produced have a spectral
sensitivity that 1s a combination of the original spectral
sensitivities. Other processing steps, such as color balance
and color correction, can be adjusted accordingly.

After converting the 1image to a Bayer color pattern 830,
a known technique for conventional Bayer pattern interpo-
lation 835 1s used to produce a full color RGB image 840,
illustrated i FIG. 11E.

After obtaining the full color RGB image 840, another
processing step 850 can be included. In step 850, the full
color RGB 1mage 840 1s interpolated, such as with bilinear
or bicubic interpolation, to produce a high-resolution color
image 890, illustrated in FIG. 11F. This additional process-
ing step would be included if 1t 1s 1important to provide a
color image with the approximately the same dimensions as
the starting color pattern image 500. ITf the computing
resources are not available or the dimensions of the full color
image are not critical, then processing can stop once the full
color RGB 1mage 840 1s provided.

These embodiments have illustrated processing from
color patterns that include panchromatic pixels. Color pat-
terns that do not include panchromatic pixels can be used to
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provide a derived panchromatic 1mage by combining pixels
in the mitial color pattern. The pixels 1n the derived pan-
chromatic 1mage must have controlled centers to match the
interpolation of other color channels in order to avoid
introducing spatial artifacts. For example, assuming you
start with a traditional Bayer pattern, then contiguous red
green and blue pixels can be combined to provide the
equivalent of a panchromatic pixel. In this way, a panchro-
matic 1image can be readily derived and used to enhance the
color 1image as described above.

These embodiments have specifically described process-
ing from CFA patterns using R, GG, B and P pixels. The same
processing paths can also be used with C, M, Y, and P pixels
with only minor alterations (such as diflerent color correc-
tion and noise reduction parameters). For clarity, these
embodiments describe color filter pattern and other images
without specific reference to the details of memory man-
agement. This invention can be practiced with a variety of
memory and builer management approaches.

The invention has been described 1in detail with particular
reference to certain preferred embodiments thereof, but it
will be understood that variations and modifications are
cllected within the spirit and scope of the invention.

PARTS LIST

10 light from subject scene

11 imaging stage

12 lens

13 neutral density filter

14 IT1S

16 brightness sensor

18 shutter

20 Image Sensor

22 analog signal processor

24 analog to digital (AID) converter

26 timing generator

2% image sensor stage

30 digital signal processor (DSP) bus

32 digital signal processor (DSP) memory

36 digital signal processor (DSP)

3% processing stage

40 exposure controller

50 system controller

52 system controller bus

54 program Imemory

56 system memory

57 host interface

60 memory card interface

62 memory card socket

64 memory card

70 viewfinder display

72 exposure display

74 user inputs

76 status display

80 video encoder

82 display controller

{8 image display
100 minimal repeating unit for Bayer pattern
102 repeating unit for Bayer pattern that 1s not minimal
110 spectral transmission curve of infrared blocking filter
112 unfiltered spectral photoresponse curve of sensor
114 red photoresponse curve of sensor
116 green photoresponse curve of sensor
118 blue photoresponse curve of sensor
500 image with predefined color pattern
505 processing step
510 high resolution panchromatic 1image
512 processing step
515 enhanced high resolution panchromatic image
517 processing step
520 low resolution panchromatic image
525 processing step
530 low resolution Bayer color pattern 1mage
535 processing step
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-continued
PARTS LIST
540 interpolated low resolution color image
545 processing step
550 low resolution color difference 1image
560 processing step
570 enhanced low resolution color difference image
575 processing step
580 high resolution color difference image
585 processing step
590 high resolution color image
600 image with predefined color pattern
603 processing step
610 distinct sparse panchromatic image
615 processing step
620 panchromatic image with checker board pattern
630 processing step
640 full resolution panchromatic 1mage
650 processing step
660 standard Bayer color image
665 processing step
670 full resolution color 1image
680 processing step
690 enhanced full resolution color image
705 processing step
710 Bayer pattern RGB 1mage
715 processing step
720 full resolution RGB 1mage
750 processing step
760 standard Bayer color image
765 processing step
770 full color RGB 1mage
780 processing step
790 enhanced full resolution color image
825 processing step
830 Bayer color pattern
835 Bayer pattern interpolation
840 full color RGB 1mage
850 processing step
890 high resolution color image

What 1s claimed 1s:
[1. A method of processing a digital image having a

40 predetermined color pattern, the method comprising:

45

creating, by a processing device, a panchromatic 1image
from the digital image, wherein the creating the pan-
chromatic 1mage comprises interpolating a partial pan-
chromatic 1image to create a full panchromatic 1image:

creating, by the processing device, a color image from the
digital 1image; and

enhancing, by the processing device, the color image

using the panchromatic image.]
2. [The method of claim 1, wherein the creating the

50 panchromatic image further comprises:| A4 method of pro-

55

60

65

cessing a digital image having a predetermined color pat-
tern, the method comprising:
creating, by a processing device of a digital camera
system, a panchromatic image from the digital image,
wherein the creating the panchromatic image com-
prises extracting panchromatic pixels from the digital
image[; and], interpolating alternating panchromatic
pixels from the extracted panchromatic pixels to create
[the] a partial panchromatic image, and interpolating
the partial panchromatic image to create a full pan-
chromatic image;
creating, by the processing device of the digital camera
system, a colov image from the digital image; and
enhancing, by the processing device of the digital camera
system, the color image using the panchromatic image.
3. The method of claim 2, wherein the creating the color
1mage comprises:
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interpolating color pixel values from the digital image to

create a partial color 1image; and

interpolating the partial color 1mage to create a full color

1mage.

4. The method of claim 3, wherein the color pixel values
comprise green pixel values.

5. The method of claim 3, wherein the partial color image
comprises a Bayer color image.

6. The method of claim 5, wherein the interpolating the
partial color 1mage comprises performing Bayer pattern
interpolation.

7. The method of claim 3, wherein the enhancing the color
image comprises using the full panchromatic image to
enhance the full color image and to produce an enhanced full
resolution color 1image.

8. The method of claim 7, wherein the using the full
panchromatic 1mage to enhance the full color image com-
prises using the full panchromatic image to reduce noise and
sharpen resolution of the full color image.

9. [The method of claim 1, wherein the] 4 method of

processing a digital image having a predetermined color
pattern, the method comprising:
creating, by a processing device of a digital camera
system, a panchromatic image from the digital image,
wherein the panchromatic 1mage has a checkerboard
pattern and creating the panchromatic image com-
prises interpolating a partial panchromatic image to
create a full panchromatic image;
creating, by the processing device of the digital camera
system, a colov image from the digital image; and
enhancing, by the processing device of the digital camera
system, the color image using the panchromatic image.
10. The method of claim [1] 2, wherein the color image
comprises pixels having three diflerent eflective spectral
sensitivities.

11. [The method of claim 1, wherein] 4 method of

processing a digital image having a predetermined color
pattern, the method comprising:
creating, by a processing device of a digital camera
system, a panchromatic image from the digital image,
wherein the creating the panchromatic image com-
prises interpolating a partial panchromatic image to
create a full panchromatic image and the digital image
comprises a predetermined color pattern having a mini-
mal repeating unit of:

volla-Boylia~
s~ Nvelic-Ne
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wherein P represents a panchromatic pixel, G represents
a green pixel, R represents a red pixel, and B represents
a blue pixel;

creating, by the processing device of the digital camera
system, a color image from the digital image; and

enhancing, by the processing device of the digital camera
system, the color image using the panchromatic image.

12. [The method of claim 1, wherein] A method of

processing a digital image having a predetermined color

pattern, the method comprising:
creating, by a processing device of a digital camera
system, a panchromatic image from the digital image,
wherein the creating the panchromatic image com-
prises interpolating a partial panchromatic image to
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create a full panchromatic image and the digital image
comprises a predetermined color pattern having a mini-

mal repeating unit of:

Z U 4 T
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wherein P represents a panchromatic pixel, Y represents a
yellow pixel, C represents a cyan pixel, and M repre-
sents a magenta pixel;
creating, by the processing device of the digital camera
system, a colov image from the digital image; and
enhancing, by the processing device of the digital camera
system, the color image using the panchromatic image.
[13. A non-transitory computer-readable medium having
instructions stored thereon that, upon execution, are config-
ured to cause a processing device to perform operations
comprising;
creating a panchromatic image from the digital image,
wherein the creating the panchromatic image com-
prises interpolating a partial panchromatic image to
create a full panchromatic image;
creating a color image from the digital image; and
enhancing the color i1mage using the panchromatic
image. ]
14. [The non-transitory computer-readable medium of
claim 13] 4 non-transitory computer-readable medium hav-
ing instructions stoved thereon that, upon execution, are
configured to cause a processing device to perform opera-
tions comprising.
creating a panchromatic image from a digital image,
wherein the creating the panchrvomatic image com-
prises interpolating a partial panchromatic image to
create a full panchromatic image;
creating a color image from the digital image; and
enhancing the color image using the panchromatic image,
wherein the creating the panchromatic 1mage further
COMprises:
extracting panchromatic pixels from the digital image;
and

interpolating alternating panchromatic pixels from the
extracted panchromatic pixels to create the partial
panchromatic 1mage.

15. The non-transitory computer-readable medium of
claim 14, wherein the creating the color 1mage comprises:

interpolating color pixel values from the digital image to
create a partial color image; and

interpolating the partial color image to create a full color
image.

[16. A digital camera system comprising:

an 1mage sensor configured to generate a digital 1mage;
and

a processor configured to:
create a panchromatic 1mage from the digital image by

interpolating a partial panchromatic 1image to create
a full panchromatic 1mage;
create a color image from the digital image; and
enhance the color 1mage using the panchromatic
image.]

17. [The digital camera system of claim 16, wherein the
processor 1s further configured to:] A4 digital camera system
COmprising.

an image sensov configured to generate a digital image;
and
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a processor and a memory storing instructions that, when
executed by the processor, cause the processor to:
create a panchromatic image from the digital image by
interpolating a partial panchromatic image to create
a full panchromatic image;

create a color image from the digital image;

enhance the color image using the panchromatic
image;

extract panchromatic pixels from the digital image;

interpolate alternating panchromatic pixels from the
extracted panchromatic pixels to create the partial
panchromatic 1mage;

interpolate color pixel values from the digital image to
create a partial color image;

interpolate the partial color image to create a full color
image; and

use the full panchromatic 1image to enhance the full
color image and to produce an enhanced full reso-
lution color 1mage.

18. A method of processing a digital image, the method
COmprising:

creating, by a processing device of a digital camera
system, a panchromatic image from the digital image,
wherein creating the panchromatic image comprises
extracting panchromatic pixels from the digital image,
interpolating alternating panchromatic pixels from the
extracted panchrvomatic pixels to create a partial pan-
chromatic image, and interpolating the partial pan-
chromatic image to create a full panchrvomatic image;
and

enhancing, by the processing device, a color image using
the panchromatic image.

19. The method of claim 18, whervein the enhancing the

color image comprises.

interpolating color pixel values from the digital image to
create a partial color image; and

interpolating the partial color image to create a full color
image.

20. The method of claim 19, wherein the interpolating the
partial color image comprises performing Bayer pattern
interpolation.

21. The method of claim 19, wherein the enhancing the
colov image comprises using the full panchromatic image to
enhance the full color image and to produce an enhanced
full resolution color image.
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22. The method of claim 21, wherein the using the full

panchromatic image to enhance the full color image com-
prises using the full panchromatic image to reduce noise and
shavpen resolution of the full color image.

23. The method of claim 18, further comprising capturing,
by the processing device, the digital image.

24. A method of processing a digital image, the method
comprising: creating, by a processing device of a digital
camera system, an enhanced image from the digital image,
wherein creating the enhanced image comprises extracting
panchromatic pixels from the digital image, interpolating
alternating panchromatic pixels from the extracted panchvo-
matic pixels to create a partial panchrvomatic image, and
interpolating the partial panchromatic image to create a full
panchromatic image.

25. The method of claim 24, wherein the creating the
enhanced image comprises using the full panchromatic
image to produce an enhanced full vesolution colov image.

26. The method of claim 24, further comprising receiving,
by the processing device, the digital image from an image
caplture system.

27. The method of claim 24, further comprising capturing,
by the processing device, the digital image.

28. A non-transitory computer-readable medium having
instructions stored theveon that, upon execution, are con-

figured to cause a processing device to perform operations

COmMprising:
creating a panchromatic image from a digital image,
wherein the creating the panchromatic image com-
prises interpolating a partial panchromatic image to
create a full panchromatic image; and
enhancing a colorv image using the panchromatic image,
wherein creating the panchromatic image further com-
prises extracting panchrvomatic pixels from the digital
image and interpolating alternating panchromatic pix-
els from the extracted panchromatic pixels to create the
partial panchromatic image.
29. The non-tramnsitory computer-readable medium of
claim 28, wherein the operations further comprise receiving
the digital image from an image capture system.
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