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MERGED PIPELINE FOR COLOR 
INTERPOLATION AND EDGE 

ENHANCEMENT OF DIGITAL IMAGES 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

FIELD OF THE INVENTION 

This invention relates to digital cameras, and more particu 
larly to digital signal processing that integrates color interpo 
lation with edge detection. 

BACKGROUND OF THE INVENTION 

Digital cameras are being improved and lowered in cost at 
an amazing rate. In a recent year, more digital cameras were 
sold than traditional ?lm cameras. Images from digital cam 
eras can be downloaded and stored on personal computers. 
Digital pictures can be converted to common formats such as 
J PEG and sent as e-mail attachments or posted to virtual 
photo albums on the Internet. Video as well as still images can 
be captured, depending on the kind of digital camera. 

FIG. 1 is a block diagram for a typical digital camera. Light 
focused through a lens is directed toward sensor 12, which 
can be a charge-coupled device (CCD) array or a complemen 
tary metal-oxide-semiconductor (CMOS) sensor array. The 
light falling on the array generates electrical currents, which 
are ampli?ed by analog amp 14 before being converted from 
analog to digital values by A/D converter 16. An 8, 9, or 10-bit 
mono-colorpixel is output to processor 10. These mono-color 
pixels are in a Bayer-pattern as shown in FIG. 2. Each pixel is 
either a red, a blue, or a green intensity. 

The R, G, or B digital values in the Bayer pattern are 
processed by processor 10 to generate luminance-chromi 
nanceYUV pixels. TheYUV pixels can then be displayed on 
display 19 or compressed by compressor 18 and stored on 
disk 17 or on a solid-state memory. YUV pixels often have a 
4:4:4 format, with 8 bits for each of 2 colors and for the 
luminance. 

Sensor 12 detects red, blue and green colors. However, 
each array point in sensor 12 can detect only one of the three 
primary colors. Rather than outputting an RGB pixel, sensor 
12 can output only a single-color pixel at any given time. For 
example, a line of pixels output by sensor 12 might have a red 
pixel followed by a green pixel. Another line might have 
alternating green and blue pixels. 

Each pixel represents the intensity of one of the primary 
colors at a point in the sensor array. Thus a red pixel indicates 
the intensity of red light at a point, while a neighboring green 
pixel indicates the intensity of green light at the next point in 
the sensor array. Each pixel contains only one-third of the 
total color information. 

The remaining color information is obtained by interpola 
tion. The green intensity of a red pixel is calculated by aver 
aging the green intensities of neighboring green pixels. The 
blue intensity for that red pixel is calculated by averaging or 
interpolating the nearest blue pixels. Processor 10 performs 
this color interpolation, calculating the missing primary 
color intensities for each pixel location. 

Processor 10 also may perform other enhancements to the 
image. Edges may appear fuzzy because the color interpola 
tion tends to spread out features. These edges can be sharp 
ened by detecting the edges and enhancing the color change at 
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2 
the edge to make the color transition more abrupt. Color 
conversion from RGB toYUV is also performed by processor 
10. 
The electrical currents produced by the different primary 

colors can vary, depending on the sensor used and the wave 
length and energy of the light photons. An adjustment known 
as a white-balance is often performed before processor 10, 
either on analog or digital values. Each primary color can be 
multiplied by a different gain to better balance the colors. 
Compensation can also be made for different lighting condi 
tions, increasing all primary colors for dark pictures or 
decreasing all colors for bright pictures (overexposure). 

Bayer PatterniFIG. 2 

FIG. 2 shows an image captured by a sensor that generates 
single-color pixels in a Bayer pattern. The example shows an 
800x600 frame or image for display in the common super 
VGA resolution. A total of 600 lines are captured by the 
sensor, with 800 pixels per line. 
A personal computer displays full-color pixels that have all 

three primary-color intensities (RGB). In contrast, the sensor 
in a digital camera can detect only one of the three primary 
colors for each point in the 800x600 sensor array. Detectors 
for green are alternated with red detectors in the ?rst line, 
while green detectors are alternated with blue detectors in the 
second line. 
The ?rst horizontal line and each odd line have alternating 

red and green detectors, so pixels output from these odd lines 
are in a R-G-R-G-R-G-R-G sequence. The second horizontal 
line and each even line have alternating green and blue detec 
tors, so pixels output from these even lines are in a G-B-G 
B-G-B-G-B sequence. 

Half of the pixels are green pixels, while one-quarter of the 
pixels are read and the last quarter are blue. The green pixels 
form a checkerboard pattern, with blue and red pixels sur 
rounded by green pixels. Since the human eye is more sensi 
tive to green, the Bayer pattern has more green pixels than red 
or blue. 

The green intensity for a red pixel location can be interpo 
lated by averaging the four green pixels that surround the red 
pixel. For example, the green intensity for red pixel at location 
(3,3) is the sum of green pixels (3,2), (3,4), (2,3), and (4,3), 
divided by four. Likewise, the green intensity for a blue pixel 
location can be interpolated by averaging the four surround 
ing green pixels. For blue pixel (2,4), the interpolated green 
intensity is the sum of green pixels (2,3), (2,5), (1,4), and 
(3,4), divided by four. 
The red and blue values for a green pixel location can also 

be calculated from the 2 red and 2 blue pixels that surround 
each green pixel. For green pixel (2,3), the interpolated red 
value is the average of red pixels (1,3) and (3,3) above and 
below the green pixel, while the interpolated blue value is the 
average of blue pixels (2,2) and (2,4) to the right and left of the 
green pixel. 
Many different techniques have been used for color inter 

polation and white balance. See US. Pat. Nos. 5,504,524 and 
5,260,774, which show white-balance from analog signals. 
Sometimes a whole frame buffer is used for white balance or 
interpolation. Whole-frame buffers can be large, mega-pixel 
buffers that hold all 800x600 pixels. See, US. Pat. No. 5,260, 
774, FIGS. 1-3. Color and edge enhancement are often not 
performed or are performed by a separate unit, perhaps also 
using a whole-frame buffer. 

While such digital-camera processors are useful, cost 
reduction is desirable since digital cameras are price-sensitive 
consumer devices. Whole-frame buffers require large memo 
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ries, and as digital cameras are increased in resolution, larger 
memories are needed for the larger number of pixels. 
What is desired is a digital-camera processor that does not 

use a whole-frame buffer. It is desired to perform color inter 
polation of Bayer-pattem pixels without storing all the pixels 
in a frame. It is desired to use smaller line buffers, which store 
only a few lines of pixels rather than all 600 lines in a SVGA 
image. It is further desired to perform both color interpolation 
and edge detection at the same time, using integrated hard 
ware. It is desired to merge the edge detector into the inter 
polator. It is desired to also perform while balance, edge 
enhancement, and YUV conversion without using a whole 
frame buffer. It is desired to process all pixels in a frame in a 
single pass, without storing all the pixels. 

SUMMARY OF THE INVENTION 

A digital-image processor has a line buffer that receives 
mono-color pixels captured by an image sensor. The line 
buffer stores only a fraction of a whole frame of an image. The 
fraction is less than 5 percent of a number of pixels in the 
whole frame. 
A merged pipeline receives an array of mono-color pixels 

from the line buffer. It generates missing color values for a 
middle pixel. The middle pixel is a mono-color pixel in a 
middle of the array from the line buffer. 

The merged pipeline also generates an upper primary color 
value for an upper pixel immediately above the middle pixel 
and a lower primary color value for a lower pixel immediately 
below the middle pixel. 
An edge detector receives the upper primary color value 

and the lower primary color value and a primary color value 
for the middle pixel. The edge detector detects an edge 
between the middle pixel and a neighboring pixel. An edge 
enhancer is activated by the edge detector when the edge is 
detected. It increases a magnitude of the middle pixel when 
the edge is detected. The merged pipeline outputs interpo 
lated color values for the middle pixel. Thus interpolation and 
edge detection are performed by the merged pipeline using 
the line buffer. 

In further aspects of the invention a color- space converter is 
coupled to receive the middle pixel including the missing 
color values generated by the merged pipeline. It converts 
color values into luminance and chromatic values. The edge 
enhancer increases the luminance value of the middle pixel 
when activated. The color-space converter converts from red, 
green, blue RGB color values to luminance and chromatic 
YUV values representing a color of a pixel. 

In further aspects the edge detector receives green color 
values. The edge detector performs edge detection using 
green values, but the edge enhancer sharpens edges by adjust 
ing the luminance value of the middle pixel. 

In further aspects the merged pipeline has a horizontal 
interpolator that receives the array from the line buffer. It 
averages mono-color pixels within a same horizontal line to 
produce intermediate color values. A column register is 
coupled to receive the intermediate color values from the 
horizontal interpolator. It stores intermediate color values for 
a single column of pixels in the array. A vertical interpolator 
receives the intermediate color values from the column reg 
ister. It averages intermediate color values within a same 
single column of pixels. The vertical interpolator outputs 
RGB color values for the middle pixel, but it also outputs G 
values as the upper and lower primary color values to the edge 
detector. Thus horizontal and vertical interpolation are per 
formed separately. 
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4 
In still further aspects of the invention the column register 

includes one green register for each of at least 5 lines. The 
column register also includes at least 3 shared registers for a 
middle line containing the middle pixel and an upper and a 
lower line immediately above and below the middle line. 
Thus the shared registers alternately store red and blue color 
values for alternate clock cycles. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram for a typical digital camera. 
FIG. 2 shows an image captured by a sensor that generates 

single-color pixels in a Bayer pattern. 
FIG. 3 shows a multi-function image processor using a 

4-line buffer and a column register. 
FIG. 4 highlights data storage within the merged interpo 

lation/ edge detection pipeline. 
FIG. 5 shows two successive 5x3 arrays of Bayer-pattem 

pixels from the line buffer which are input to the horizontal 
interpolator during 2 clock cycles. 

FIG. 6A shows horizontal interpolation when the current 
pixel is a green pixel on a red-green line in the Bayer pattern. 

FIG. 6B shows horizontal interpolation when the current 
pixel is a red pixel on a red-green line in the Bayer pattern. 

FIG. 7A shows vertical interpolation when the current 
pixel is a green pixel on a red-green line in the Bayer pattern. 

FIG. 7B shows vertical interpolation when the current pixel 
is a red pixel on a red-green line in the Bayer pattern. 

FIG. 8 is a diagram of a white-balancing unit that performs 
white balancing on Bayer-pattern pixels before the line 
buffer. 

FIG. 9 is a diagram of a RGB-to-YUV converter. 
FIG. 10 is a diagram ofa color enhancer. 

DETAILED DESCRIPTION 

The present invention relates to an improvement in digital 
image processing. The following description is presented to 
enable one of ordinary skill in the art to make and use the 
invention as provided in the context of a particular application 
and its requirements. Various modi?cations to the preferred 
embodiment will be apparent to those with skill in the art, and 
the general principles de?ned herein may be applied to other 
embodiments. Therefore, the present invention is not 
intended to be limited to the particular embodiments shown 
and described, but is to be accorded the widest scope consis 
tent with the principles and novel features herein disclosed. 

Minimizing the amount of buffer memory required to pro 
cess images from a digital camera is an important design goal. 
The inventors have realized that whole-frame buffers become 
more expensive as camera resolution increases, since each 
image contains more pixels. Such whole-frame buffers are 
often used between the different processing units, such as 
between the color interpolator and the edge detector and color 
enhancer. 
The different processing units, such as white balance, 

pixel-interpolation, edge detect and enhancement, YUV con 
version and color enhancement usually operate as indepen 
dent units. Buffers are used between units to allow for slightly 
different processing rates. These buffers require memory and 
add cost. 
The inventors have realized that a tightly-integrated pro 

cessor can perform the various functions in a single, tightly 
coupled pipeline. In particular, pixel interpolation and edge 
detection can use many, of the same adders and storage reg 
isters, allowing interpolation and edge detection to be per 
formed at the same time on the same area of the image. The 
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interpolation results can immediately be converted to YUV 
format, enhanced, and output, eliminating the need for large 
intermediate buffers. 

White balance can be performed on the ?y as the pixels are 
sent from the sensor to the interpolator. Thus a separate frame 
buffer for white balance can also be eliminated. 
A small buffer is used between the white balancer and the 

interpolator. This is a line buffer rather than a frame buffer, 
since only a few lines of the image are stored. The line buffer 
stores a portion of the image that is currently being interpo 
lated. Only 2 to 4 lines of the 600 or more lines need to be 
stored in the line buffer, providing a memory savings of better 
than 99%. Even for different resolutions, the line buffers still 
require only 5% of the memory needed for a whole frame 
buffer. 

Using the 2-4 line buffer, plus a few individual pixel reg 
isters in the pipeline, allows the following operations to be 
performed in a single pass through the processor: 

White Balance 
Pixel Interpolation 
Edge Detection 
RGB-to-YUV Conversion 
Edge Enhancement 
Color Enhancement 
No frame buffers are needed within the pipeline. The sen 

sor can input pixels in the Bayer pattern directly to the pro 
cessor without buffering. Pixels output from the processor 
can be immediately sent to display, storage, or compression 
buffers. 

lnterpolator Uses 4-Line Buffer and Column 
RegisteriFlG. 3 

FIG. 3 shows a multi-function image processor using a 
4-line buffer and a column register. Light captured by sensor 
front-end 22 is converted to electrical signals by a charge 
coupled or transistor device, and the electrical signals are 
converted from analog to digital format. The image sensor 
does not generate all three primary color components (RGB) 
for each pixel, but only produces one of the three color com 
ponents per pixel. The colors produced alternate from pixel to 
pixel, and from line to line in a Bayer pattern as shown in FIG. 
2. Typically one pixel with only one of the three primary 
colors is output for each clock cycle. 

The sensitivity of the sensor to the different primary colors 
is not equal. Some colors experience more attenuation than 
others. Also, the image may be under or over exposed. White 
balancer 26 multiplies each pixel from front end 22 by a gain. 
Red pixels are multiplied by a red gain, blue pixels by a blue 
gain, and green pixels by a green gain. The pixel-gain product 
is output from white balancer 26 to line buffer 30. 

The pixel gains may be pre-set gains, or may be calculated 
on the ?y. Pre-set gains can be calculated at the factory for the 
sensor type and ?xed gains stored in a register and applied to 
white balancer 26. Video digital cameras produce a series of 
frames, and still cameras are normally pointed toward the 
picture before shooting, so gain calculator 24 can generate a 
running average of all pixels for each of the 3 colors from one 
frame, and use the averages to calculate gains for the next 
frame. Averages can also be generated for just a portion of an 
image frame, and the gains applied to the entire image or a 
portion of the image. 

Four-line buffer 30 contains about four lines of pixels, 
rather than all 600 or more lines. For SVGA resolution, each 
line contains 800 pixels, so line buffer 30 contains 800><4 or 
3,200 pixels. These are single-colorpixels of 12 bits per color, 
so the memory size is 38 Kbytes. Other resolutions, such as 
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6 
1024x768 have more pixels per line, so the size of line buffer 
30 can increase to 48 Kbytes or more. 

lnterpolator 41 performs both horizontal and vertical inter 
polation to generate all three color components (R,G,B) for 
each pixel. Interpolation is performed by adding weighted 
color values from neighboring pixels of the desired color. 
Only the neighboring pixels that touch the current pixel loca 
tion are added in the interpolation. There are a total of 8 such 
neighboring pixelsithree pixels on three lines. 
The interpolation weighting or ?lter varies by color, since 

there are twice as many green pixels in a Bayer pattern as 
there are red or blue pixels. The green pixels form a checker 
board pattern with green pixels on every line, but the red or 
blue pixels form a more open pattern with pixels only on 
alternating lines. 
The interpolation ?lter for green is: 

1/8 1/4 1/8 

1/4 1/2 1/4 

1/8 1/4 1/8 

which is a 3x3 kernel that can be separated into a 3x1 kernel 
and a 1x3 kernel: 

1/8 1/4 1/8 

1/4 

1/2]*[1/21 1/2] 1/4 

The 3x1 kernel is implemented as a vertical interpolation 
step that multiplies the pixel above by 1A1 and the pixel below 
by 1A1, while the current pixel location is multiplied by 1/2. The 
1x3 kernel becomes a horizontal interpolation step that mul 
tiplies the pixel on the left by 1/2 and the pixel to the right by 
1/2, while the current pixel location is multiplied by 1. Since 
half of the locations in a Bayer pattern are missing green 
values, not all of the kernel coef?cients are used to calculate 
a pixel’s green value. 
The interpolation ?lter for red and blue is: 

1/4 1/2 1/4 

1/2 1 1/2 

1/4 1/2 1/4 

which is a 3x3 kernel that can be separated into a 3x1 kernel 
and a 1x3 kernel: 

1/4 1/2 1/4 1/2 

The 3x1 kernel is implemented as a vertical interpolation 
step that multiplies the pixel above by 1/2 and the pixel below 
by 1/2, while the current pixel location is multiplied by l. The 
1x3 kernel becomes a horizontal interpolation step that mul 
tiplies the pixel on the left by 1/2 and the pixel to the right by 
1/2, while the current pixel location is multiplied by 1. Since 
only one-quarter of the locations in a Bayer pattern contain 
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red (blue) values, not all of the kernel coef?cients are used to 
calculate a pixel’s red (blue) value. 

Horizontal adders 40 perform the horizontal interpolation 
for green, red, and blue for a current pixel location and some 
of the immediately surrounding pixel locations. The results 
are stored in column register 32. Column register 32 contains 
color components for just one column. Horizontal adders 40 
calculate the green components for 5 lines of this column, 
while red and blue components are calculated for only 3 lines 
of this column. Thus column register 32 stores color compo 
nents for a small region of the image. 

These color components are not complete, since only the 
horizontal kernel has been applied to the pixels from line 
buffer 30. Vertical adders 50 perform the vertical interpola 
tion from the horizontal results stored in column register 32, 
using the vertical kernels for green and red/blue. All three 
color components for a current pixel are generated by vertical 
adders 50, and this RGB value is stored in RGB register 34. 
The current pixel is a pixel in the third of the four lines from 
line buffer 30, and in the column from column register 32. 

The green components for the line above and line below the 
current pixel are also generated by vertical adders 50. Thus 
the green components are generated for three lines of the 
column stored in column register 32. The green values are 
stored in green register 34'. 
The RBG value for the currently-processed pixel from 

RGB register 34 is converted to YUV format by YUV con 
verter 60. Color enhancer 38 receives the 2 chromatic values 
(U and V) and multiplies these values by a ?lter value to 
enhance certain colors. The enhanced U and V value for the 
current pixel is then output for display, storage, or compres 
sion. 

The green values from green register 34' are used for edge 
detection. The last set of green values for the previous 2 
columns are stored in pipeline registers 64, so that a total of 9 
green values are stored (three lines by three columns). An 
edge can be detected from the current (middle) pixel by 
comparison to the 8 surrounding pixels. When a difference 
above a threshold value is detected, and edge is signaled by 
edge detector 62. Edge enhancer 36 is then activated. Edge 
enhancer 36 receives the luminance (Y) value from YUV 
converter 60 for the current pixel, and simply outputs the Y 
value when no edge is detected. When edge detector 62 
detects an edge, edge enhancer 36 multiplies theY value by a 
?lter to increase or decrease the brightness of the pixel, 
thereby enhancing or sharpening the edge. 

The pipeline delay through pipeline registers 34' and edge 
detector 62 matches the pipeline delay through RGB register 
34 and YUV converter 60, so that the same current pixel is 
edge detected and YUV-converted. Thus edge detection and 
YUV conversion occur simultaneously for the same pixel. 
Horizontal adders 40 and vertical adders 50 interpolate for 
both RGB -YUV conversion and edge detection. Green values 
are calculated for two additional lines so that edge detection 
can also be performed using the intermediate results. Edge 
enhancement and color enhancement are also performed at 
the same time on the same pixel by color enhancer 38 and 
edge enhancer 36. 
By performing a few additional calculations, interpolator 

41 provides inputs to edge detector 62 as well as the current 
RGB value. Simultaneous edge detection is then possible 
using the same pipeline. Edge detection is performed on the 
green values rather than on theY values so that edge detection 
can occur earlier in the pipeline. 

Data Storage in Merged PipelineiFlG. 4 

FIG. 4 highlights data storage within the merged interpo 
lation/ edge detection pipeline. Line buffer 30 is fed a stream 
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8 
of mono-color pixels from the sensor that have been multi 
plied by a color-speci?c gain for white balance. These pixels 
arrive in a Bayer pattern, from left to right ?lling each line, 
and from upper lines to lower lines until the entire frame is 
received. 

The most-recently-received four lines are stored in line 
buffer 30 for the preferred embodiment. Horizontal lines H1, 
H2, H3, and H4 have been stored in the four lines of line 
buffer 30. Horizontal line H5 is currently being received from 
the sensor and white balancer. Pixels along line H5 replace 
line Hi pixels in the ?rst row of line buffer 30. Thus pixels to 
the left of the ?rst row are from line H5 while pixels to the 
right are from the older line H1. 
A small overlapping region occurs in a current column 70. 

Pixels received from the sensor are ?rst stored in a small 
temporary buffer 31 in line buffer 30. Temporary buffer 31 
contains a few pixels that have just been received from the 
sensor. Pixels in the current column 70 and in the 2 surround 
ing columns of oldest line H1 are not discarded immediately, 
but instead are sent to interpolator 41. Using temporary buffer 
31 to store new pixels from line H5 allows for 5 lines of pixels 
(H1 to H5) to be sent to interpolator 41 for current column 70. 
Pixels from oldest line Hi are discarded after being sent to 
interpolator 41. 

Current column 70 includes the actual current column and 
two adjacent columns, for ?ve horizontal lines. A region of 
5x3 pixels is sent from line buffer 30 to interpolator 41 for 
each clock cycle. This 5x3 region provides enough pixels for 
interpolation of a current pixel location’s RGB values, and 
green values for the pixels immediately above and below the 
current pixel location. Thus edge detection values are also 
generated by interpolator 41. 

Horizontal adders 40 receive the 5x3 array of pixel values 
and perform horizontal interpolation on some of the values, as 
shown later in FIGS. 6A, 6B. Horizontal adders include shift 
logic to weight values from line buffer 30 before addition so 
that the proper sums are generated. For example, a pixel value 
that should be weighted by 1A can be shifted to the right by 2 
bit positions before addition. 

Horizontal adders produce green values for all ?ve lines, 
which are stored in column register 32 as G(H1), G(H2), 
G(H3), G(H4), G(H5). G(H3) is the green value for the cur 
rent pixel, which is line 3 of the current column. Green values 
for two pixels above and two pixels below the current line are 
stored for edge detection. 
Red and Blue values are generated and stored for the cur 

rent line and for the line above and the line below the current 
line. Since the Bayer pattern alternates lines with red and blue 
pixels, the values stored in column registers 32 alternates. For 
example, for one column B(H2) and B(H4) are stored with 
R(H3), while in the next clock cycle for the next column 
(pixel) R(H2) and R(H4) are stored with B(H3). The same 
register in column register 32 can store B(H2) one cycle and 
R(H2) the next cycle. Thus a total of 5 green values and 3 
blue/red values are stored in the 8 registers in column register 
32. 

Vertical interpolation adds weighted color values from 
only one column. Thus the color values from column register 
32 contain enough information to apply the vertical interpo 
lation ?lters. Vertical adders 50 receive the R, G, and B values 
from column register 32, perform shifts to apply the weight 
ings of the vertical ?lters, and then generate sums. Vertical 
adders 50 perform vertical interpolation as shown later in 
FIGS. 7A, 7B. 
The R, G, and B values for the current pixel in line H3 are 

all generated and stored in RGB register 34. The green values 
for the lines H2 and H4 are also calculated by vertical adders 
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50 and stored in register 34. The RGB values for line H3 are 
output to theYUV converter, while the G values for lines H2, 
H3, and H4 are output to the edge detector. 

The three G values for lines H2, H3, H4 are stored in 
pipeline register 64 for the next 2 clock cycles, while the next 
2 pixels are generated in line H3. Pipeline register 64 thus 
stores a 3x3 array of green values, for 3 lines and 3 columns. 
An edge can be detected by a sudden change in green value 
from the middle pixel to one or more of the 8 surrounding 
green values. Since YUV conversion requires a clock delay, 
by the time theYUV values are available, the current pixel is 
in the middle of the 3x3 array of pipeline register 64. 

Pipeline delays cause the meaning of the “current” pixel to 
change in each pipeline stage (pipestage). For example, the 
pixel being converted from RGB to YUV is one pixel (col 
umn) to the right (ahead) of the “current” column of pixels 
being added by vertical adders 50, and two pixels (columns) 
to the right of the “current” column of pixels being added in 
horizontal adder 40. The “current” pixel being edge and color 
enhanced is one column to the left of the pixel in the YUV 
converter stage. 

Bayer Pattern From Line BufferiHG. 5 

FIGS. 5-7 show interpolation over two clock cycles for two 
pixels. The alternating nature of the Bayer pattern requires 2 
different operations in alternating clock cycles. FIG. 5 shows 
the Bayer-pattern input from buffer 30, while FIGS. 6A, 6B 
show horizontal interpolation on those values. FIGS. 7A, 7B 
show vertical interpolation on the intermediate results stored 
in the column register. 

FIG. 5 shows two successive 5x3 arrays of Bayer-pattern 
pixels from the line buffer which are input to the horizontal 
interpolator during 2 clock cycles. The Bayer pattern alter 
nates green pixels with red pixels on odd lines, while alter 
nating green pixels with blue pixels on even lines. 

In FIG. 5, line H1 is the upper line, while line H5 is the 
bottom line. The current pixel is on line H3 and is in the 
second column for a ?rst clock cycle, but moves to the third 
column for the next clock cycle. The current pixel moves to 
the right along the current row for each clock cycle. Once all 
pixels in a line have been processed, the lines (or line point 
ers) are moved up in the line buffer. 

The subscripts shown with the pixels indicate the row and 
column. For example, the current pixel in the ?rst clock cycle 
is in line H3, column 2, which contains G32 from the Bayer 
pattem input. The next current pixel at row 3, column 3 has 
just a red valueiR33. The Blue and green components for 
pixel 3,3 must be interpolated. 

For the ?rst clock cycle, pixel R32 is the current pixel. A 
5x3 array of pixel values are sent from line buffer 30 to the 
horizontal adders. This 5x3 array includes the ?rst three col 
umns and all 5 lines. R11, G12, and R13 are sent from the ?rst 
line, G21, B22, G23 are sent from the second line, R31, G32, 
and R33 from the third line, G41, B42, G43 from the fourth 
line, R51, G52, and R53 from the ?fth line. In the next clock 
cycle, when R33 becomes the current pixel, the second, third, 
and fourth columns of all ?ve lines are sent from line buffer 3 0 
to the horizontal adders. The 5x3 pixel array includes G12, 
R13, G14 from line H1, B22, G23, B24 from line H2, G32, 
R33, G34 from line H3, B42, G43, B44 from line H4, and 
G52, R53, G54 from line H5. 

Horizontal InterpolationiFlGS. 6A, 6B 

FIG. 6A shows horizontal interpolation when the current 
pixel is a green pixel on a red-green line in the Bayer pattern. 
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The current column is 2 and the current row is 3. The green 
value G32 in the third line is the current pixel that will have 
the full RGB value generated by interpolation. The 5x3 array 
of pixel values sent from line buffer 30 (FIG. 5) is shown on 
the left of FIG. 6A. 
The green values of the ?rst and ?fth lines are already 

available from the Bayer pattern and are simply copied to 
column register 32 as G12, G52. The G value from the third 
line, G32, is also copied to column register 32. The blue 
values are available for pixels 2,2 and 4,2, so these are copied 
from line buffer 30 to column buffer 32 as B22, B42. 
The red value for the current pixel at 3 ,2 is not available and 

must be computed from the surrounding red values. Since 
horizontal interpolation is being performed, only red values 
from the same row are added. The red values R31, R33 to the 
right and left of location 3,2 are shifted to the right by one 
binary position to weight these by 1/2. The shifted R31, R33 
are input to adder 46, producing the (R31+R33)/2. This is the 
intermediate R32 value after horizontal interpolation but 
before vertical interpolation. 

Green values for locations 2,2 and 4,2 are also not available 
and must be interpolated. Again, only green values from the 
same horizontal line are added by horizontal adders 40. Green 
values G21, G23 are right-shifted by one bit and input to 
adder 44, which outputs (G21+G23)/2 as the intermediate 
G22 stored in column register 32. Green values G41, G43 are 
right-shifted by one bit and input to adder 48, which outputs 
(G41+G43)/ 2 as the intermediate G42 stored in column reg 
ister 32. Column register 32 contains 5 green values, two of 
which were generated by adders 48. A red value was gener 
ated by adder 44, and 2 blue values were copied over. A total 
of 8 color components are stored in column register 32 for 5 
pixels in one column. 

FIG. 6B shows horizontal interpolation when the current 
pixel is a red pixel on a red-green line in the Bayer pattern. 
This occurs for the next clock cycle after the calculations of 
FIG. 6A. The operations of FIGS. 6A, 6B alternate with each 
successive pixel in a red-green line. 
The current column is 3 and the current row is 3. The red 

value R33 in the third line is the current pixel that will have the 
full RGB value generated by interpolation. The 5x3 array of 
pixel values sent from line buffer 30 (FIG. 5) is shown on the 
left of FIG. 6B. This 5x3 array has shifted to the right by one 
column. A column pointer in line buffer 30 can be used to 
point to the next 5x3 array to read. 
The red values of the ?rst, third, and ?fth lines are already 

available from the Bayer pattern, however, only green values 
are needed for the ?rst and last lines, so R13 and R53 are 
discarded. R33 is simply copied to column register 32. The 
green values are available for pixels 2,2 and 4,2, so these are 
copied from line buffer 30 to column buffer 32 as G23, G43. 
The green value for the current pixel at 3,3 is not available 

and must be computed from the surrounding green values. 
Since horizontal interpolation is being performed, only green 
values from the same row are added. The green values G32, 
G34 to the right and left of location 3,3 are shifted to the right 
by one binary position to weight these by 1/2. The shifted G32, 
G34 are input to adder 46, producing the (G32+G34)/ 2. This 
is the intermediate G33 value after horizontal interpolation 
but before vertical interpolation. 

Green values for the ?rst and last row must also be gener 
ated by adders 42, 49 in the same manner. Column register 32 
stores (G12+G14)/2 as intermediate G13 and (G52+G54)/2 
as the intermediate G53. 

Blue values for locations 2,3 and 4,3 are also not available 
and must be interpolated. Again, only blue values from the 
same horizontal line are added by horizontal adders 44, 48. 
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Blue values B22, B24 are right-shifted by one bit and input to 
adder 44, which outputs (B22+B24)/2 as the intermediate 
B23 stored in column register 32. Blue values B42, B44 are 
right-shifted by one bit and input to adder 48, which outputs 
(B42+B44)/2 as the intermediate B43 stored in column reg 
ister 32. 
Column register 32 contains 5 green values, three of which 

were generated by adders 42, 46, 49. Two blue values were 
generated by adders 44, 48, and 1 red value was copied over. 
A total of 8 color components are stored in column register 32 
for 5 pixels in one column. The same registers and adders are 
thus used for different color components for alternating 
cycles. A similar but somewhat different pair of operations 
occurs for green-blue lines than was shown for FIGS. 6A, 6B, 
where 5 green lines and alternating red and blue components 
are generated for the middle 3 lines. 

Vertical InterpolationiFlGS. 7A, 7B 

FIG. 7A shows vertical interpolation when the current 
pixel is a green pixel on a red-green line in the Bayer pattern. 
FIG. 7A receives a 1x5 array of pixels generated by the 
horizontal interpolation of FIG. 6A and stored in column 
register 32. 

The current column is 2 and the current row is 3. The green 
value G32 in the third line is the current pixel that will have 
the full RGB value generated by interpolation. The 1x3 array 
of pixel values stored by the horizontal interpolator into col 
umn register 32 (FIG. 6A) is shown on the left of FIG. 7A. 
Since vertical interpolation is being performed, only one col 
umn of pixels is needed as an input. 

The green values for the second and fourth rows are calcu 
lated by adders 52, 58. The green values G12, G32 are input 
to adder 52 after being right-shifted by 2 binary bits (multi 
plied by one quarter). The intermediate value for G22 (calcu 
lated as (G21+G23)/2 by the horizontal adder) is right-shifted 
by one bit before input to adder 52, which generates the sum 
(G12+G32+G21+G23)/ 4, which is the ?nal interpolated 
value for G22. 

Likewise, the green values G32, G52 are input to adder 58 
after being right-shifted by 2 binary bits (multiplied by one 
quarter). The intermediate value for G42 (calculated as (G41 + 
G43)/2 by the horizontal adder) is right-shifted by one bit 
before input to adder 58, which generates the sum (G32+ 
G52+G41+G43)/4, which is the ?nal interpolated value for 
G42. 

The red value for location 3,2 has already been calculated 
during horizontal interpolation as (R31+R32)/2. This value is 
copied from column register 32 to RGB register 34 as the R 
value. Vertical interpolation is not needed since there are no 
red values in the lines above and below the current line. 

The blue value for location 3,2 is generated by adder 56 by 
adding B22 and B42 after right-shifting by one bit. The blue 
value saved in RGB register 34 is (B22+B42)/ 2, representing 
the interpolated B32. 

Adder 54 calculates the ?nal green value for the current 
pixel, G32. According to the vertical ?lter for green, the G32 
value from column register 32 is combined with the interpo 
lated green values above and below the current location. G32 
from column register 32 is right-shifted by one bit (divide by 
2) and input to adder 56 along with the intermediate G22, 
(G21+G23)/ 2, and the intermediate G42, (G41+G43)/2, each 
right-shifted by two bit-positions for a divide by four. The 
result from adder 56 is: 

Thus the R, B, and G values for the current pixel location 
(3,2) are calculated and stored in RGB register 34, while the 
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G values above and below the current location (G22 and G42) 
are also stored for edge detection. 

FIG. 7B shows vertical interpolation when the current pixel 
is a red pixel on a red-green line in the Bayer pattern. FIG. 7B 
receives a 1x5 array of pixels generated by the horizontal 
interpolation of FIG. 6B and stored in column register 32. The 
operation of FIG. 7B occurs for the next clock cycle after the 
calculations of FIG. 7A. The operations of FIGS. 7A, 7B 
alternate with each successive pixel in a red-green line. Simi 
lar calculations are performed for blue-green lines. 
The current column is 3 and the current row is 3. The green 

value G33 in the third line is the current pixel that will have 
the full RGB value generated by interpolation. The 1x3 array 
of pixel values stored by the horizontal interpolator into col 
umn register 32 (FIG. 6B) is shown on the left of FIG. 7B. 
The green values for the second and fourth rows are calcu 

lated by adders 52, 58. According to the vertical ?lter for 
green, the G23 value from column register 32 is combined 
with the interpolated green values above and below the cur 
rent location. G23 from column register 32 is right-shifted by 
one bit (divide by 2) and input to adder 52 along with the 
intermediate G13, (G12+G14)/2, and the intermediate G33, 
(G32+G34)/2, each right-shifted by two bit-positions for a 
divide by four. The result from adder 52 is: 

For the fourth line, G43 from column register 32 is right 
shifted by one bit (divide by 2) and input to adder 58 along 
with the intermediate G33, (G32+G34)2, and the intermedi 
ate G53, (G52+G54)/2, each right-shifted by two bit-posi 
tions for a divide by four. The result from adder 58 is: 

The red value for location 3,3 is available from the Bayer 
pattem input as R33. This value is copied from column reg 
ister 32 to RGB register 34 as the R value. Vertical interpola 
tion is not needed since there are no red values in the lines 
above and below the current line. 
The blue value for location 3,3 is generated by adder 56 by 

adding the intermediate B23 and B43 after right-shifting by 
one bit. The blue value saved in RGB register 34 is (B22+ 
B24+B42+B44)/4, representing the interpolated B33. 
Adder 54 calculates the ?nal green value for the current 

pixel, G33. G23 and G43 are right-shifted by one bit and input 
to adder 54, while the intermediate result for G33, (G32+ 
G34)/2, is also right-shifted by one bit and input to adder 54. 
The sum from adder 54 is (G23+G32+G34+G43)/4, the inter 
polated value for G33. 
The R, B, and G values for the current pixel location (3,3) 

are calculated and stored in RGB register 34, while the G 
values above and below the current location (G23 and G43) 
are also stored for edge detection. 

White BalanceriFlG. 8 

FIG. 8 is a diagram of a white-balancing unit that performs 
white balancing on Bayer-pattern pixels before the line 
buffer. White balancing is performed by multiplying each 
mono-color pixel by a gain. Three gains are used: one for red, 
another for blue, and the third for green pixels. Since the 
pixels from the sensor are in a Bayer pattern, each pixel 
contains only one of the three primary colors. 

Multiplier 72 in white balancer 26 receives the mono-color 
pixels from the sensor after the A/ D converter. The pixels can 
be in a format of either 8, 9, or 10 bits per mono-color pixel. 
Multiplier 72 multiplies green pixels by the green gain, red 
pixels by the red gain, and blue pixels by the blue gain. A 
simple sequencer can apply the proper gain to multiplier 72. 
For example, the red and green gain can be alternately applied 
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to pixels in the ?rst and all odd lines, while the green and blue 
gain is alternately applied to the second line and all even lines. 

Multiplier 72 outputs a 16-bit result. Clipper 73 clips the 
16-bit result from multiplier 72 to a 12-bit value that is stored 
in the line buffer and later interpolated. The gains applied to 
multiplier 72 have 12 bits in a 4.8 formatifour bits of integer 
and an 8-bit fraction. 

The three gains applied to multiplier 72 can simply be 
numbers stores in 3 programmable registers. The gains can be 
constants determined by the sensor and known or assumed 
lighting conditions. 

In more complex embodiments, the gains are calculated 
from a previous frame of Bayer-pattem data and applied to the 
current frame. Averages for each color (R, G, B) are generated 
for all pixels in a frame or a range within the frame. The frame 
can be divided into several regions and the averages calcu 
lated for each region. Regions with averages that are far away 
from the average for all regions can be discarded. 

The white-balance calculator also ?nds the maximum val 
ues for each of the three color components over the frame. 
The gains are then the maximum value divided by the average 
for each color. Many clock cycles can be used to generate 
these averages and gains, so a small adder/subtractor can be 
used recursively. 

Y I l V ConveneriFIG. 9 

FIG. 9 is a diagram of a RGB-to-YUV converter. YUV 
converter 60 receives the RGB value from the RGB register 
that is loaded by the vertical interpolator. YUV conversion is 
a standard operation. 

Each color component is ?rst multiplied by a constant. The 
red component is multiplied by 0.299 decimal using multi 
plier 74. The blue component is multiplied by 0.141 decimal 
using multiplier 78, while the green component is multiplied 
by 0.587 decimal by multiplier 76. Of course, the decimal 
numbers are converted to 8-bit binary values before being 
applied to the multiplier. 

The 14 most-signi?cant-bits (MSBs) from multipliers 74, 
76, 78 are sent to adder 84. Adder 84 generates the sum of all 
three color components, which is the overall luminance Y. A 
12-bit value is output by adder 84 and any carry-out is 
ignored. 

Adders 82, 86 subtract the luminanceY from the original R 
and B values, respectively, to produce the V and U chromatic 
values. The carry-out is the sign bit, which is appended to an 
1 1-bit output to produce a 12-bit value in two’ s complement. 

Color EnhanceerIG. 10 

FIG. 10 is a diagram of a color enhancer. Hue and satura 
tion are adjusted with color enhancer 38. The V and U color 
values are multiplied by a 2x2 matrix to enhance the color 
afterYUV conversion is completed. The 2><2 matrix is stored 
as four programmable registers, each with a s.2.5 format (1 
signbit, 2 integerbits, 5 fractionbits). The matrix contains the 
constants c11, c21, which are multiplied by U in multipliers 
92, 93, and constants c12, c22, which are multiplied by V with 
multipliers 94, 95. In one example, c11 and c22 are 0.5 
decimal, and c12 and c21 are zero. 
Adder 96 then sums the products from multipliers 92, 94, 

producing a 12-bit value that is clipped to an 8-bit value 
(between —128 and 127) by clipper 100. Adder 97 then sums 
the products from multipliers 93, 95, also producing a 12-bit 
value that is clipped to an 8-bit value by clipper 102. Adders 
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98, 99 then add 128 to the clipped values, shifting the results, 
which are output as the enhanced U and V values. 

Edge Detection 

Edge detection is performed with a 3x3 ?lter. The 3x3 ?lter 
operates on the 3 columns of 3 lines of pixels in the pipeline 
register. Only the green values are used for edge detection 
since there are twice as many green pixels as red or blue pixels 
in the Bayer-pattem input. The following non-separable ?lter 
may be multiplied by the 9 green values in the pipeline reg 
ister: 

The absolute value of the output of the ?lter is then com 
pared to a register-programmable threshold. When the abso 
lute value of the ?lter output exceeds the threshold, then the 
edge enhancer is activated. The edge enhancer multiplies the 
edge by a scaling factor. The scaling factor is also register 
programmable. The result of the edge-scaling factor multiply 
is then added to the currentY value, for the pixel in the middle 
of the pipeline register. The result may then be clipped to 12 
bits. 
The following ?lter may also be used. Since this ?lter is 

separable into horizontal and vertical ?lters, it may be easier 
to implement: 

This operation requires 8 or 4 operations for each pixel 
being edge detected. Other ?lters can also be used that 
amplify differences between adjacent pixels. 

ADVANTAGES OF THE INVENTION 

A digital-camera processor does not use a whole-frame 
buffer. It performs color interpolation of Bayer-pattern pixels 
without storing all the pixels in a frame. Smaller line buffers 
are used, which store only a few lines of pixels rather than all 
600 lines in a SVGA image. Both color interpolation and edge 
detection are performed at the same time, using integrated 
hardware. The edge detector is merged into the same pipeline 
as the interpolator. White balance, edge enhancement, YUV 
conversion and color enhancement are also performed with 
out using a whole-frame buffer. All pixels in a frame are 
processed in a single pass, without storing all the pixels. 

Only 2 to 4 lines of the 600 or more lines need to be stored 
in the line buffer, providing a memory savings of better than 
99%. The uni?ed pipeline and line buffer can be integrated 
together on a single substrate. The chip can be all-digital since 
white balance, interpolation, YUV conversion, edge detection 
and enhancement are all performed digitally. Since the edge 
detection is tightly integrated with the interpolation pipeline, 
a separate multi-line buffer between the interpolator output 
and the edge-detector input is not needed. 

ALTERNATE EMBODIMENTS 

Several other embodiments are contemplated by the inven 
tors. The invention has been described as interpolating for 












