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[57] ABSTRACT

A red-eye reduction system is described that includes a
masking module. The masking module converts an image
into a mask having first state areas representing red color
pixels of the image and second state areas representing other
color pixels of the image. The image includes an eye with a
red pupil. A pupil locating module is coupled to the masking
module to locate a substantially first state area in the mask
that resembles a pupil. A color replacing module is then
coupled to the pupil locating module to change the red color
pixels in the area into monochrome (grey) or other pre-
defined colors. The color replacing module also adjusts the
boundary of the area by changing the colors of pixels in
close proximity to the area if the color of these pixels is
determined to be sufficiently close to red such that natural
appearance of the eye is maintained when reducing the red
pupil. A method of reducing red-eye effect in a digital image
is also described.

11 Claims, 10 Drawing Sheets
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APPARATUS AND A METHOD FOR
REDUCING RED-EYE IN A DIGITAL IMAGE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention pertains to digital image process-
ing. More particularly, this invention relates to automatically
reducing red-eye in a digital image while maintaining the
natural appearance of the eyes.

2. Description of the Related Art

As is known, photographing a person in a relatively dark
environment requires flashlight to avoid under-exposure.
The use of flashlight, however, often results in a person’s
eyes being red in the photograph, making the person look
“spooky” or unnatural in the photograph. This is typically
referred to as the “red-eye” phenomenon or simply red-eye.

The red-eye typically results from the person’s pupils not
being able to quickly adjust to the flashlight in darkness. As
is known, the pupils of a person are enlarged in a dark
environment. When flashlight appears, the pupils are not
able to reduce their sizes due to the suddenness of the
flashlight. This typically causes the flashlight reflecting off
the retina at the back of the eyes, causing red-eye.

Several prior art techniques have been proposed to reduce
the red-eye effect. A common prior art approach is to use
multiple flashes in the camera to contract the pupils before
a final flash is used to expose and capture the image.
However, disadvantages are associated with this prior art
approach. One disadvantage is the delay between the time
when the first flashlight appears and the time when the
picture is actually taken. This means the picture is taken
several seconds after the exposure button has been pressed.
This may cause confusion and the subjects may move away
from the posed positions before the image is captured.
Moreover, the red-eye problem still occurs when the user
forgets to enable this feature of the camera during
photographing, or when the camera is not equipped with
such red-eye prevention feature. Further, this prior art
approach cannot solve the red-eye problem in the already-
taken photos.

With the advance of image processing technologies, it is
now possible to digitize an image and store the digitized
image in a computer system. This is typically done either
using a digital camera to capture the image digitally, or using
a scanner that converts the image into digital form. The
digital image includes data representing image pixels
arranged in a matrix. The data of the digital image are then
stored in the computer. The digital image can be retrieved for
display and can also be digitally altered in the computer.

Because images can now be captured as or converted into
digital images, it is thus possible to correct the red-eye
problem in an image digitally. Some prior art schemes have
been proposed to correct the red-eye problem digitally. One
such prior art scheme simply provides the user with means
for manually painting over the red eyes digitally. The
disadvantage of this prior art scheme is that some kind of
painting skill is needed for the user to paint over the red
eyes. Another disadvantage is that the correction of the
red-eye is not done automatically, but rather manually.

Another prior art approach requires the user to precisely
locate the center of a pupil so that a black circle is placed
over the red-eye region. The disadvantage of this prior art
approach is that the red-eye region is often not a circular
region. This may cause portions of the red-eye region not to
be covered by the black circle. In addition, the black circle
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may not be able to cover the peripheral area (i.e., the pink
ring) of the red-eye region. Moreover, replacing the red
pupil with a complete black circle may also cover the glint
in the pupil. As is known, the glint in the pupil is usually a
bright “white” spot. Thus, the result of this type of correction
is often quite noticeable and undesirable, and sometimes
destroys the natural appearance of the eyes in the image.

SUMMARY OF THE INVENTION

One feature of the present invention is to reduce red-eye
in a digital image.

Another feature of the present invention is to automati-
cally reduce redeye in an image with minimal user inter-
vention.

A further feature of the present invention is to reduce
red-eye in an image while preserving the natural appearance
of the eyes.

Astill further feature of the present invention is to provide
a robust and user-friendly arrangement for correcting red-
eye.

Ared-eye reduction system is described which includes a
masking module. The masking module converts an image
into a mask having first state regions representing red color
pixels of the image and second state regions representing
other color pixels of the image. The image includes an eye
with a red pupil. A pupil locating module is coupled to the
masking module to locate a substantially first state area in
the mask that resembles a pupil. A color replacing module is
coupled to the pupil locating module to change red color
pixels in the area into monochrome (grey) or other pre-
defined colors. The color replacing module also adjusts the
boundary of the area by changing the colors of pixels in
close proximity to the area if the color of these pixels is
determined to be sufficiently close to red.

A method of reducing red-eye in a digital image is
described. The method includes the step of converting an
image having an eye with a red pupil into a mask having first
state areas representing red color pixels of the image and
second state areas representing other color pixels of the
image. The mask is then processed to locate a substantially
first state area in the mask that resembles a pupil. The
method then changes the red color pixels in the area into
monochrome (grey) or other predefined colors with bound-
ary adjustments when the color of pixels in close proximity
to the area is determined to be sufficiently close to red.

Other features and advantages of the present invention
will become apparent from the following detailed
description, taken in conjunction with the accompanying
drawings, illustrating by way of example the principles of
the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a red-eye reduction system that implements
one embodiment of the present invention, wherein the
red-eye reduction system includes a user interface, a mask-
ing module, a pupil locating module, and a color replacing
module.

FIG. 2 shows the structure of the user interface.

FIG. 3 shows an image displayed by the user interface
with user defined areas that contain red eyes.

FIG. 4 shows the process of the masking module in
converting one defined area into a binary mask that indicates
possible location of the red pupil.

FIG. 5 is the flow chart illustrating the operation of the
masking module.
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FIGS. 6 and 7 show how the pupil locating module locates
the pupil area within a binary mask.

FIG. 8 shows the binary mask of FIG. 4 after being
processed by the pupil locating module.

FIG. 9 is the flow chart illustrating the operation of the
pupil locating module.

FIG. 10 is the flow chart showing the operation of the
color replacing module.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 shows a red-eye reduction system 10 that imple-
ments one embodiment of the present invention. In accor-
dance with one embodiment of the present invention, the
red-eye reduction system 10 reduces or minimizes red-eye in
an image once the user has marked the area within which a
red pupil is located. The red-eye reduction system 10 then
automatically reduces the red-eye while maintaining the
natural appearance of the eye.

As will be described in more detail below, the red-eye
reduction system 10 includes a user interface 15 that allows
the user of the red-eye reduction system 10 to mark or define
an area to be processed by the red-eye reduction system 10
to reduce the red-eye effect. The area contains a red pupil.
In addition, the red-eye reduction system 10 includes a
masking module 16 that converts the marked area containing
the red pupil into a binary mask of first state (e.g., white)
areas and second state (e.g., black) areas. The “white” areas
of the binary mask represent the red color pixels within the
marked area of the image. The “black™ areas represent other
color pixels within the marked area of the image.

The red-eye reduction system 10 also includes a pupil
locating module 17 that locates a substantially “white” area
in the binary mask that resembles a pupil. The red-eye
reduction system 10 further includes a color replacing
module 18 that only changes the red color pixels in the area
into monochrome (grey) or other predefined colors. This
maintains the glint in the pupil which is typically a bright
non-red spot. In addition, the color replacing module 18 also
adjusts the boundary of the area by changing colors of pixels
in close proximity of the area to monochrome (grey) or other
predefined colors if the color of those pixels is determined
to be sufficiently close red. The red-eye reduction system 10
will be described in more detail below, also in conjunction
with FIGS. 1 through 10.

The red-eye reduction system 10 can be implemented by
software, hardware, or firmware. This means each of the
modules 15-18 can be implemented by software, hardware,
or firmware. In one embodiment, the red-eye reduction
system 10 is a software application program that is run on a
computer system (not shown). The computer system that
runs the red-eye reduction system 10 can be a personal
computer, a mini computer, a workstation computer, a
notebook computer, a network computer, a server computer,
or any other data processing system. Alternatively, one or
more modules of the red-eye reduction system 10 can be
implemented by hardware or firmware while others can still
be software modules.

Moreover, the red-eye reduction system 10 can be imple-
mented in an imaging system (not shown). The imaging
system can be an image display system, a scan-to-print
system, or simply a computer system having a display. The
imaging system can also be other type of imaging system.

As is shown in FIG. 1, the user interface 15 of the red-eye
reduction system 10 is used to display an original image 11.
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The original image 11 has red eyes or red pupils. FIG. 3
shows one such image, as an example. As can be seen from
FIG. 3, each of the eyes 35-36 has a pupil (i.e., pupil 38 or
39) that is red. FIG. 3 also shows two marked or defined
arcas 31 and 32. In one embodiment, the marked areas
31-32 are marked by the user through the user interface 15.
The marked areas 31-32 will be described in more detail
below.

As can be seen from FIG. 3, each of the marked areas
31-32 is a rectangular region that surrounds a red pupil (e.g.,
the pupil 38 or 39) which is to be recolored to a neutral dark).
It is, however, to be noted that the marked area (31 or 32)
need not be rectangular, but may be, in general, a polygon
or have a curvilinear shape. The rectangular shape is shown
merely as an example. The image within the marked area
(¢.g., the marked area 31 or 32) is represented as A={a,},
wherein a; represents a pixel within the image A.

Referring back to FIG. 1, the original image 11 is a digital
image which can be obtained from an image capturing
device. Known technologies are used to obtain the original
image 11. For example, the original image 11 can be
produced by a scanner or a digital camera, and is directed to
be displayed by a display (e.g., CRT, LCD, or flat panel
display). Alternatively, the original image 11 may be
directed to be printed by a printer.

The user interface 15 of FIG. 1 is displayed on a display
(not shown). The display that displays the user interface 15
can be a computer display. The user interface 15 is an
interactive interface that allows the user to mark or define an
area within the displayed original image 11 (e.g., the marked
areas 31 and 32 in FIG. 3) that contains a red eye or red
pupil. The user interface 15 also allows the user to activate
the red-eye reduction system 10 by placing a cursor on an
icon displayed on the user interface 15 using a mouse or
other cursor control device and then clicking on the signal
button of the mouse or the cursor control device to activate
the red-eye reduction system 10. FIG. 2 shows the structure
of the user interface 15 which will be described in more
detail below.

As can be seen from FIG. 2, the user interface 15 includes
a tool bar or menu bar area 21 that includes an icon 23 for
activating the red-eye reduction system 10 of FIG. 1. The
user interface 15 also includes a display area 22 within
which the original image 11 is displayed. The user interface
15 also includes a cursor 24 that allows the user to interact
with the user interface 15 through a mouse or other cursor
control device (not shown). The cursor 24 also allows the
user to define the marked area (e.g., the marked area 31 or
32) of the image 11 displayed. Once the red-eye reduction
system 10 is activated through the icon 23, the red-eye
reduction system 10 reduces or minimizes the red eye
contained in the marked area. The user interface 15 can be
implemented using any known user interactive interface
technology.

Referring back to FIG. 1, the color image A of the marked
area (e.g., the marked area 31 or 32) of the original image
11 is then applied to the masking module 16 of the red-eye
reduction system 10. The masking module 16 is used to read
the color image A of the marked area and then convert the
color image pixel data into a binary mask, which is repre-
sented as B={b,}, wherein b, represents the mask value b
for a pixel (i, j) within the binary mask B. Because the mask
B is a binary mask, each of the pixels {b;} is thus either a
“white” pixel or a “black” pixel. This indicates that the
binary mask B can be of the same size as the marked area
A of the original image 11. Alternatively, the size of the
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binary mask B is smaller than the marked area A. The binary
mask B is used to identify all the red pixels in the marked
area A, and therefore is used for the pupil locating module
17 to identify the size and location of the red pupil within the
marked area A.

The binary mask B includes first state areas or regions that
indicate red color pixels in the marked area of the image 11
and second state areas or regions that indicate pixels having
colors other than red. The first state areas can be represented
by, for example, “white” (i.e., the highest grey scale value)
pixels and the second state areas represented by “black” (i.e.,
the lowest grey scale value) pixels. When the grey scale
value is represented by an eight-bit data, the highest grey
scale value is 255 and the lowest grey scale value is zero.
FIG. 4 shows the converted binary mask 44 of a marked area
similar to the area 31 of the original image 11 from the
masking module 16, as well as the process of creating the
binary mask 44 by the masking module 16, which will be
described in more detail below.

As can be seen from FIG. 4, the color image A in the
marked area 31 of FIG. 3 is formed by a red image 414, a
green image 41b, and a blue image 41c. The conversion
process of the masking module 16 generally includes three
steps. First, the masking module 16 converts the images
41a—41c into a luminance-chrominance representation (i.e.,
images 42a—42c). This is done using known techniques. The
chrominance information 42b—42c is then used to calculate
a threshold value T between the first state and the second
state. Any known threshold determining technique can be
used to calculate the threshold T. As is known, a large variety
of threshold determining techniques have been devised for
image segmentation to distinguish the image foreground
from the background or to identify objects in the image.

The threshold value T is then applied to each image pixel
of the color image A in the marked area 31 to create the
binary mask 44. The masking module 16 can then reduce the
size of the binary mask 44 to eliminate areas that are
unnecessary and extra for the red-eye reduction within the
binary mask 44. This makes the binary mask 44 to only
include the red pupil and a predetermined peripheral of the
red pupil. Alternatively, this step can be performed before
the masking module 16 converts the image of the marked
area 31 into the binary mask 44.

In one embodiment, a nonstandard luminance-
chrominance representation is employed for the luminance-
chrominance representation. In this case, the chrominance
information includes a red-green chrominance Cr and a
blue-yellow chrominance Cb. Alternatively, other types of
luminance-chrominance representation can be used. For
example, the luminance-chrominance representation can be
a standard luminance-chrominance representation.

As can be seen from FIG. 4, the image 42a shows the
luminance representation, the image 42b shows the chromi-
nance Cr representation and the image 42c¢ shows the
chrominance Cb representation. The masking module 16
uses a non-linear power function followed by an RGB-to-
YCrCb conversion matrix to convert the images 4la—41c
into the images 42a—42c. The transformation is imple-
mented using known technology.

The RGB represents red, blue, and green color informa-
tion. Y represents the luminance information and Cr and Cb
represent the chrominance information. Before the matrix-
ing operation, the masking module 16 raises each of the
RGB values of the image data A of the marked area 31 to the
Y5 power. Since the original RGB data is assumed to have
already been gamma-corrected, this gives an effective
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gamma of about 6.6 to the image data. The purpose of the
Y5 power mapping is to increase the separation between red
and non-red pixels.

In one embodiment, the threshold value T is computed by
the following equation:

T=Cr 4y +0.2%(Ct 0= CFppi)
wherein Cr,,,, represents the average chrominance Cr value,
Cr,,,. and Cr,. represent the maximum and minimum

chrominance Cr values, respectively. The average value, the
maximum value, and the minimum value are all computed
from the image data A of the marked area 31. Here, the
variables Cr and Cb refer to the two chrominance compo-
nents in the nonstandard luminance-chrominance space. The
chrominance component Cr;; for a pixel (i, j) in the marked
area 31 is then compared with the threshold value T. If the
sum is greater than the threshold value T, the mask value b,;
for that pixel (i, j) is one (i.e., white). This means that the
color of the pixel (i, j) is red. Otherwise, the mask value of
the pixel (i, j) is zero (i.e., black). This results in the binary
mask 44, as shown in FIG. 4.

Once the binary mask 44 is constructed, the masking
module 16 can use a neighborhood calculation to eliminate
isolated red pixels and fill in isolated non-red pixels in the
mask 44. Alternatively, the masking module 16 does not
perform this step and the pupil locating module 17 performs
this step. The neighborhood calculation can be expressed as

i+l j+l
by=1, if Z Zbkm>2 else, by =0

k=imlm=j

FIG. § shows the process of converting the image A of the
marked area of the original image 11 into the binary mask B
by the masking module 16 of FIG. 1. As can be seen from
FIG. §, the process starts at the step 50. At the step 51, the
masking module 16 receives the color image data A from the
user interface 15. At the step 52, the masking module 16 uses
the RGB-to-YCrCb conversion to convert the color image of
the marked area A into the luminance-chrominance repre-
sentation (e.g., the images 42a—42¢). Then the masking
module 16 uses the chrominance information from the
luminance-chrominance representation to compute the
threshold value at the step 53. At the step 54, the masking
module 16 constructs the binary mask B (e.g., the binary
mask 44) by comparing each image pixel of the marked area
A with the threshold value. The process then ends at the step
55.

Referring back to FIG. 1, the binary mask B from the
masking module 16 is then applied to the pupil locating
module 17. The pupil locating module 17 processes the
binary mask B to locate the red pupil in the image A. The
pupil locating module 17 does this by locating a largest
“white” area in the binary mask B. This means we assume
that the largest white area in the binary mask B is the red
pupil. The pupil locating module 17 then generates a modi-
fied binary mask P={p;} from the binary mask B. The
modified binary mask P indicates the location of the red
pupil in the mask. The modified binary mask P is sent to the
color replacing module 18. The modified binary mask P can
be a “cleaned up” version of the binary mask B. This means
that all other white areas in the binary mask B are converted
to black areas as they have nothing to do with the red pupil.
Alternatively, the pupil locating module 17 only determines
the size and location of the red pupil in the binary mask B
and does not modify the binary mask B. In this case, the
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modified binary mask P is only the binary mask B with
location and size information of the red pupil in the mask.

In one embodiment, the pupil locating module 17
employs an exhaustive search and block-matching estima-
tion scheme to locate the largest area in the binary mask B
that best matches a white circular area. This exhaustive
search scheme searches the entire binary mask B for the
largest substantially white area. The exhaustive search
scheme will be described in more detail below, also in
conjunction with FIGS. 6-7. Alternatively, other schemes
may be employed by the pupil locating module 17 to locate
the red pupil in the binary mask B. For example, the pupil
locating module 17 may employ a tree-search or logarithmic
search scheme to locate the red pupil. Moreover, the pupil
locating module 17 may apply a Hough transform scheme to
locate the red pupil in the binary mask B. Using this scheme,
the pupil locating module 17 first detects the outlines or
boundaries of the white regions in the binary mask B. Then
the pupil locating module 17 uses the Hough transform to
detect the presence of a circle among the white regions. The
above described schemes are all known schemes and can
readily be realized by software programs.

The operation of the pupil locating module 17 is now
described in more detail below, also in conjunction with
FIGS. 6-9. Suppose that the binary mask B received in the
pupil locating module 17 is a wxh binary mask 60 (shown
in FIG. 6). In this mask 60, the pixel at the upper left corner
is marked as the pixel (0, 0) and the pixel at the lower right
corner is marked as the pixel (w-1, h-1). The mask 60
contains several white areas (i.e., white areas 61a through
61g). To locate the largest white area (i.e., the area 61a) in
the binary mask 60 that resembles a pupil, the pupil locating
module 17 uses a block-matching estimation scheme to
determine whether a largest white area in the binary mask 60
better matches the characteristics of a pupil model under a
given criterion. As is known, a pupil typically has a circular
shape. Thus, a possible pupil model pm can be represented
as {r, x, y}, wherein r is the radius of the circle and (x, y)
denote the position of the center of the circle. To simplify the
computation, a square pupil model can be used. The square
pupil model has parameters {s, x, y}, wherein s denotes the
width of the square and (x, y) denote the position of the left
upper corner. The block-matching estimation scheme is a
known scheme, and therefore will not be described in more
detail.

Using the exhaustive search scheme, the pupil locating
module 17 locates the largest white area in the mask 60 that
resembles the pupil model in accordance with the following
routine.

Let s=min(w, h), M=—(s%), x and y denote the upper left
comer of a square white area. Then perform the following:

do {
My = M
fory=0toy=h-=s
x=0toX=w-s
Find the s x s white area with the maxinium number of
white pixels n.
M=2xn-s?
if M > Mgy
then make the white area as the best pupil model.
s=s-1
} while M > M.

This can be shown to yield the best match in the maximum
likelihood sense.

Once the pupil locating module 17 determines the square
parameters {s, x, y} of the largest white area, the circular
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parameters {r, x, y} of that area can then be determined. This
can be seen from FIG. 7, which shows the square 62 located
by the pupil locating module 17 within the white area 61a of
the mask 60. As can be seen from FIG. 7, when the
parameters {s;, X;, ¥;, } of the square 62 are determined, the
circular parameters of the white area 61a can be given as {r,
X0, Yoo}, Wherein r represents the radius and x, and y, denote
the center of the circle. In this case, r is equal to s,/vV2, X, is
equal to x;+s,/2, and y, is equal to y,+s,/2. Alternatively, r
can be made to equal to s,/2. FIG. 8 shows a modified binary
mask 80 generated by the pupil locating module 17 from the
binary mask 44 of FIG. 4.

FIG. 9 shows the main steps of the pupil locating module
17 to locate the location and size of the red pupil in the
binary mask B. As can be seen from FIG. 9, the process
starts at the step 90. At the step 91, the pupil locating module
17 receives the binary mask B from the masking module 16.
At the step 92, the pupil locating module 17 locates the
location of the red pupil in the mask by locating the largest
“white” area in the mask B. At the step 93, the pupil locating
module 17 outputs the modified binary mask P where only
the white pixels of the area found in the step 92 remain
white. The remaining pixels in the binary mask P are
changed to black. The process ends at the step 94.

Referring back to FIG. 1, the color replacing module 18
is used to replace the red color pixels within the white area
that resembles a pupil in the modified binary mask P into
monochrome (grey) or other predefined colors. The binary
mask P has a substantially white area which is determined by
the pupil locating module 17 as the red pupil. This area may
include a black island (see FIG. 8) that indicates the glint of
the eye. The color replacing module 18 only replaces colors
of the pixels for which the mask value p,=1. In this way, the
glint of the pupil is maintained (the glint is a bright spot in
the pupil). The glint is shown in the binary mask B or P as
a “black” island surrounded by white pixels. In one
embodiment, the color data is changed so the chrominance
values of all the “white” pixels become zero. In addition, the
color replacing module 18 also changes the luminance value
of all pixels within the white area by a predetermined factor
value. In one embodiment, this factor value is approximately
0.8.

In addition, because a red pupil typically has a pink
colored region or ring outside the red pupil, it is desirable to
change the color of those pink pixels to maintain a natural
appearance of the eye after the color of these red pupil pixels
has been changed. However, because the color of these pink
color pixels is not red enough, they are not converted into the
“white” pixels by the masking module 16 in the binary mask
B. Thus, the color replacing module 18 needs to “grow” the
white area in the modified binary mask P in order to cover
these pink color pixels. This is also referred to as boundary
adjustment.

To accomplish the boundary adjustment, the color replac-
ing module 18 analyzes the color of all adjacent pixels in the
image A that are outside the white area in the modified
binary mask P, but each of which has at least one neighbor-
ing pixel within the white area. The color replacing module
18 analyzes the color of adjacent pixels to determine if their
color is sufficiently close to red. This closeness indicates a
deviation in perceived redness. The color replacing module
18 does this by comparing the color value of an adjacent
pixel with the median red value r,,_, of all the pixels within
the white area of the binary mask P. The color of the adjacent
pixel is also compared with the difference of the median red
value r,,., and the median green value g, all the pixels
within the white area. By using the median values r,,., and
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g0 the glint information within the white area is effec-
tively avoided so long as the glint pixels do not dominate the
white area. Alternatively, average red and green values can
be used instead of median values.

In one embodiment and as a measure of perceived change
in redness, two quantities are used for the comparison. One
is the percent deviation of the red value of the adjacent pixel
a; with respect to the median red value r,,, which is
denoted m7;. Thus, n"=[r 1, 1/,,.x100%. 1, indicates
the red value of the adjacent pixel a,; The other quantity is
the percent deviation in red-green difference, which is
denoted as M™¥,. Thus, if we define A =|r,,~g,,| and
A=|C e ~Lmedls then M, is equal to |A™,—ATE|/ATEx
100%. When both 1"; and ¥, are below certain predeter-
mined threshold values, the color of the adjacent pixel a,; is
determined to be sufficient close to red and the pixel be
included in the white area.

In one embodiment, the threshold value TH, for n",; is
approximately thirty and the threshold value TH,_, for ™%
is approximately forty. Alternatively, different threshold
values can be employed for the two measurements.

As all the adjacent pixels to the white area are analyzed,
the results are stored in a second mask P'. A value p', =1
indicates that the pixel a; should be included in the white
arca of P, while a zero value means it should not. After the
mask P' is constructed, the two binary mask areas P and P'
are merged to form a new version of P. This process can be
repeated N times, wherein N is a predetermined number
(e.g., 5). The value of N dictates how far the white area of
P can grow in attempting to make it conform to the actual
shape of red pixels within the red pupil. The region growing
process of the color replacing module 18 is expressed in
pseudo-code as:

initialize all p'; = 0
for (k = 0; k < N; k++){
for (all pixels aj bordering {py} = 1){
compute 1';;
Compute n'%;
It (' < TH) AND (1% < TH, )
=1

¥
for (all ij)

P = Py OR p'y;
} wherein the OR is a binary operator.

FIG. 10 shows the process of the color replacing module
18. As can be seen from FIG. 10, the process starts at the step
100. The step 101 is an initialization step at which the
variable n is set to one and the mask P' is set to zero. At the
step 102, n is compared with the predetermined number N.
If n is greater than N, then the step 111 is performed.
Otherwise, the step 103 is performed at which n is incre-
mented. At the step 104, the color replacing module 18
receives one pixel p,; from the mask P. Then the step 105 is
performed to determine if the pixel is a “black” pixel (i.e.,
p;=0). If not, the step 109 is performed. If the answer is
positive, then the color replacing module 18 checks if any
neighboring pixel of the pixel is a “white” pixel in the mask
P at the step 106. If not, the step 109 is the next step.
Otherwise, the step 107 is performed to determine if the
color of the pixel a; is sufficiently red. If not, the step 109
is the next step. Otherwise, the color replacing module 18
grows the white area in the modified mask P by marking the
pixel p';; as a “white” pixel at the step 108.

At the step 109, the color replacing module 18 determines
if all pixels within the mask P have been checked. If not,
then the step 104 is repeated. If so, the step 110 is the next
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step at which the masks P and P' are merged by a binary OR
operation into a newer version of P. The process then returns
to the step 102.

If, at the step 102, it is determined that n is greater than
N, the step 111 is performed at which the color replacing
module 18 receives one pixel p; from the newer version of
P. Then the step 112 is performed to determine if the pixel
is a “white” pixel (ie., p;=1). If not, the step 114 is
performed. If the answer is positive, then the color replacing
module 18 changes the color of the pixel to monochrome
(grey) or other predefined colors at the step 113. In one
embodiment, this is done by changing the luminance and
chrominance values of the pixel. The luminance value can
be changed, for example, by a 0.8 factor and the chromi-
nance values can be set to zero. Then the step 114 is
performed at which the color replacing module 18 deter-
mines if all of the pixels within the newer version of P have
been checked. If so, the process ends at the step 115. If no,
the step 111 is repeated.

In the foregoing specification, the invention has been
described with reference to specific embodiments thereof. It
will, however, be evident to those skilled in the art that
various modifications and changes may be made thereto
without departing from the broader spirit and scope of the
invention. The specification and drawings are, accordingly,
to be regarded in an illustrative rather than a restrictive
sense.

What is claimed is:

1. A red-eye reduction system, comprising:

(A) a masking module that converts an image into a mask
having first state areas representing red color pixels and
second state areas representing other color pixels,
wherein the image includes an eye with a red pupil;

(B) a pupil locating module coupled to the masking
module to locate a substantially first state area in the
mask that resembles a pupil by determining if the
substantially first state area is a substantially largest
first state area within the mask, wherein determining
that substantially first state area resembles a pupil, the
pupil locating module modifies the mask by changing
all other first state areas in the mask into second state
such that the modified mask only has the substantially
first state arcas;

(C) a color replacing module coupled to the pupil locating
module to change the red color pixels in the area into
a predetermined color, wherein the color replacing
module also adjust boundary of the area by changing
the colors of pixels in close proximity to the, area to the
predetermined color if the color of these pixels is
determined to be sufficiently close to red.

2. The red-eye reduction system of claim 1, wherein the
substantially first state area includes a second state area
within the first state arca, wherein the second state area
represents the glint in the pupil.

3. The red-eye reduction system of claim 2, wherein the
predetermined color is a zero chrominance, wherein the
color replacing module also changes the luminance value of
all pixels within the substantially first state area by a
predetermined factor.

4. The red-eye reduction system of claim 1, wherein the
masking module converts the image into the mask by first
raising red-green-blue values of the image to a predeter-
mined power and then performing a standard luminance-
chrominance conversion.

5. The red-eye reduction system of claim 1, wherein the
color replacing module determines if the color of the adja-
cent pixel is sufficiently close to red by comparing the color
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value of the adjacent pixel with (i) a median red value and
(i) a median green value of all the red color pixels within the
substantially first state area.

6. The red-eye reduction system of claim 1, wherein the
adjacent pixel is a pixel that has at least one neighboring
pixel in the substantially first state area.

7. A method of reducing red-eye effect in a digital image,
comprising:

(A) converting an image having an eye with a red pupil
into a binary mask having first state areas representing
red color pixels of the image and second state areas
representing other color pixels of the image, wherein
the image includes an eye with a red pupil;

(B) processing the mask to locate a substantially first state
area in the mask that resembles a pupil,

(C) changing the red color pixels in the area into a
predetermined color with boundary adjustments such
that the color of pixels in close proximity to the area is
also changed to the predetermined color if the color of
these pixels is determined to be sufficiently close to red
other comprising
(a) determining if the adjusted pixel outside the sub-

stantially first state area is a pixel that has at least one
neigh-boring pixel within the substantially first state
area;

(b) if so, comparing the color value of the adjusted
pixel with (i) a median red value and (ii) a median
green value of all tile red color pixels within the
substantially first state area to determine if the color
of the adjusted pixel is sufficiently close to red,
wherein the color value of the adjusted pixel is
determined to be sufficiently close to red if the color
value of the adjusted pixel varies from the median
red value by less than a first predetermined value and
the red-green color difference of the adjusted pixel
varies from the difference between the red Median

12

value and the green median value by less than a
second predetermined value;
(¢) if so, changing the color of the adjacent pixel to the
predetermined color.
5 8. The method of claim 7, wherein the step (B) further
comprises the steps of

() determining if the substantially first state area is a
largest substantially first state area in the mask;

(II) determining if the substantially first state area is
substantially circular;

10

(IIT) modifying the mask by changing all other first state
areas in the mask into second state such that the
modified mask only has the substantially first state area.

9. The method of claim 7, wherein the substantially first

state area includes a second state area within the first state
area, wherein the second state area represents the glint in the
pupil.

10. The method of claim 7, wherein the step (C) further

comprises the steps of

15

20

(a) changing the color of the red color pixels within the
substantially first state area to the predetermined color
by setting the chrominance of the red color pixels to

25 Z€10;
(b) changing the luminance value of all pixels within the
substantially first state area by a predetermined factor.
11. The method of claim 7, wherein the step (A) further
comprises the steps of

30 (a) raising red-green-blue values of the image to a pre-
determined power;

(b) performing a standard luminance-chrominance con-

version;
35 (o) creating the mask.

#* #* #* #* #*
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