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(57) Abstract

A digital image processing method and apparatus corrects geometrical distortions in digital images. The method includes the calibration
of the camera by choosing a test pattern and manually adjusting the distortion correction factor of the camera until the image appears to be
undistorted. A real image is then captured by the camera grid. The camera grid is then distorted by the same distortion factor such that the
image is corrected, but the image contour is deformed. Based on the distortion correction factor, a respective location in the camera grid is
determined for each pixel in a display window. An intensity value to each pixel in the display window is assigned based on one or more
pixels in the camera grid indicated by the location. The points for mapping camera values to the display window need to be determined
only once for a given image size. All subsequent distorted images having the same size are corrected using interpolation and pre-compiled
points.
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SOFTWARE CORRECTION OF IMAGE DISTORTION
IN DIGITAL CAMERAS

FIELD OF THE INVENTION

The present invention relates to the field of digital image processing, and
more specifically to distortion correction in digital images.
BACKGROUND OF THE INVENTION

Digital cameras are used for still photography and videography and the
captured digital images may be transferred to an image display device such as a
monitor. Due to imperfections and natural limitations of cameras’ optical
systems, the digital images displayed on a monitor may show geometrical
distortions. Geometrical distortions are a class of optical aberrations that occur
when the object is not situated on the optical axis of the camera’s lens system.
Geometrical distortions depend on the angle that a ray incident on the lens
makes with the optical axis. Figure 1B illustrates a positive distortion (also
called pincushion distortion) of the object illustrated in Figure 1A, while Figure
1C illustrates a‘negative distortion (also called barrel distortion) of the same
object.

Geometrical distortions can be alleviated by equipping the camera with a
more complicated, higher quality lens system. However, using a higher quality
lens can substantially increase the camera’s weight, éize, and cost.

Another method for compensating geometrical distortions in images is
generating magnetic fields by positioning magnets or magnetic coils around the
screen of an image display device. _

Both solutions necessitate the physical and functional alteration of either

the camera or the display device used to view the images.
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SUMMARY OF THE INVENTION

A method and apparatus are disclosed for recreating an image free of

geometrical distortion from a distorted image captured by a camera, wherein the
distorted image is represented by a set of pixels in a camera grid. A distortion
correction factor is determined such that, when applied to the camera grid,
causes distortion in the distorted image to be substantially removed. Based on
the distortion correction factor, a respective location in the camera grid is
identified for each pixel in a display window. An intensity value to each pixel in
the display window is assigned based on one or more pixels in the camera grid
indicated by the location.

Additional features and benefits of the present invention will become

apparent from the detailed description, figures, and claims set forth below.
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BRIEF DESCRIPTION OF THE DRAWINGS
The present invention is illustrated by way of example and not limitation in

the accompanying figures in which:

Figure 1aillustrates a object represented by a rectangular grid;

Figure 1b illustrates a pincushion distortion in a rectangular grid image;

Figure 1c illustrates a barrel distortion in a rectangular grid image;

Figure 2 illustrates the a real image point and a distorted image point;

Figure 3 illustrates the boundaries of the distorted camera grid, the
camera grid, and the display window;

Figure 4 illustrates the method of distortion correction;

Figure 5 illustrates a flowchart of the distortion correction method;

Figure 6 illustrates a block diagram of a processing system that can be
used to perform processing operations used in embodiments of the present

invention.
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DETAILED DESCRIPTION

A method and apparatus for correcting geometrical distortions in digital
images is disclosed. In the following description, numerous specific details are
set forth such as specific computational methods, equations, parameters, etc. in
order to provide a thorough understanding of the present invention. It will be
obvious, however, to one skilled in the art that these specific details may not be
needed in order to practice the present invention. In other instances, well-
known processing steps have not been described in detail in order to avoid
unnecessarily obscuring the present invention.

When images are captured on a digital camera, they may be distorted
due to the object location with respect to the optical axis of the camera. Figure 2
illustrates an incident ray coming from an off-axis object and passing through a
lens system. In order to determine the location of the distorted image, ray
tracing of an incident ray emerging from an off-axis object point is performed.
Point P, is the distorted point and point P, is the correct location of the captured
object point if there were no distortion. The distance r, is determined to be the
distance from the point P, to the optical axis of the lens system, and r, is the

distance from the distorted point P, to the optical axis of the system. The

deviation from the ideal point P, to the distorted point P is the distance Ar.
Therefore, the location of the distorted point Pd is determined by equation (1)
r,=r,+Ar=r,+Cr,’ M

The parameter C represents a distortion correction factor characteristic of
the camera being used. In the case of barrel distortion, parameter C assumes
a negative value, while in the case of pincushion distortion, parameter C
assumes a positive value.

The value of the parameter C of a camera can be found by using the
following camera calibration method: the user may choose a test pattern, such
as a rectangle or grid, then capture the test pattern in the camera; the captured

test image may be displayed on a image display device such as a monitor; the
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user may then manually adjust parameter C until the image displayed does not
appear to have any geometrical distortions, i.e. curved lines (that should be
straight if there were no distortion) appear to be straight. The parameter C can
be manually adjusted, for example, using a software implemented tool such as a
scroll bar. In another embodiment of the present invention, the parameter C is
adjusted by dragging a corner of the test image radially from the center of the
image, operation that also changes the positions of all the other corners of the
image, such that the contour of the image is deformed but the content of the
image is corrected.

There is a direct relationship between the level of distortion of the image
and the parameter C. The magnitude of the parameter C depends on the
incident angle between the object and the optical axis of the lens system. A
large incident angle corresponds to a high level of distortion and subsequently,
to a high absolute value of the parameter C.

Generally, the parameter C for a given camera does not change. Itis
sufficient that the parameter C is determined only once for a specific camera.
As such, the parameter C may be determined during the factory development of
a specific camera, thus a user may find the camera calibration method optional.

Digital cameras collect light with sensors and the content of these
sensors is stored on a rectangular grid. Similar to a computer monitor, the
intensity values of the pixels which describe the image are known at discrete
points on the camera grid. The correction of digital images is facilitated by the
similarity between a camera grid and a monitor grid. This similarity allows the
process of mapping the values of the discrete pixels of the monitor grid onto the
discrete points of the camera grid, or vice-versa. It is to be noted that the
mapping process does not require that the number of monitor pixels equals the
number of camera points.

The present invention corrects geometrical distortion by using the
following stages: first, the camera grid is distorted in order to achieve a
corrected (undistorted) image, in other words, the contour of the image is

deformed, while the content of the image is corrected; second, the monitor grid

5
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pixels are mapped onto the camera grid points. Although the reverse process,
which is mapping the distorted camera grid points on the monitor grid pixels, can
be effectuated, it entails a much more complicated computational algorithm,
because the camera grid points are not equally spaced once the camera grid is
distorted. The computational complexity increases when it is required to find the
location of a monitor point in a camera grid that is not equally spaced.

Figure 3 illustrates the rectangular camera grid 16 which has the distorted
image, the distorted camera grid 14 which has the corrected image, and the
monitor window 18. In one preferred embodiment, the monitor window 18 is the
maximal display window that can be placed within the boundaries of the
distorted camera grid 14. Four Cartesian coordinates for the camera grid 16
are chosen : X', -X;°, Y., and-Y,". These magnitudes represent the distance
between the origin of the coordinate system and the left, right, top, and bottom
edges, respectively, of the camera grid 16. The superscript “e” refers to the
edges of the camera grid, while subscript “d” refers to the distorted points in the

camera grid 16. Similarly, the four cdordinates in the monitor grid are: XOL, XOR,

Y,, and Y,”. These magnitudes represent the distance between the optical axis
of the system and the left, right, top and bottom boundaries of the monitor grid.
The optical axis passes through the point (O,, Oy) of the captured image.
In contrast, the origin of the coordinate system coincides with the center of the
camera grid and the center of the captured image. If the distortion is symmetric
about the center of the camera image, then the point (O,, O,) is the center of the

coordinate system and the optical axis coincides with the origin of the
coordinate system. Therefore, the boundaries of the camera rectangle are
always symmetrical about the coordinate system, but the boundaries of the
monitor rectangle are not symmetrical about the coordinate system if the optical
axis does not pass through the origin of the coordinate system.

Since the four coordinates of the camera grid are known, the boundaries

X, X, Y, , and Y,” of the maximal display window 18 can be found using

equation (1).
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The magnitude XoL is determined by substituting r, with -X,” and r, with
(XOL - O,) in equation (1), resulting in equation (2a).
X = (X, -0, +C(X, -0’ (2a)
Similarly, the magnitude XOR is determined by substituting r, with X,” and
ro With (XOR - O,) in equation (1), resulting in equation (2b).

XS = (X

d

".0)+C(X, -0) (2b)

0
The magnitude YoT is determined by substituting r, with Y,* and r, with
(YoT - Oy) in equation (1), resulting in equation (2c).
Yo =(Y,-0,) +C(Y, -0,)’ (2c)
The magnitude YoB is determined by substituting r, with -Y,* and r, with
(Y, - O,) in equation (1), resulting in equation (2b).
Y, = (Y, -0,) +C(Y, -0 (2d)
Equations (2a) through (2d) are solved using a numerical or analytical
technique in order to obtain the magnitudes XOL, XOR, YOT, and YOB.
The abscissas X, of the monitor grid are equally spaced in between the
calculated magnitudes X, and X, while the ordinates Y, of the monitor grid are
equally spaced in between the calculated magnitudes Y, and Y,’.

Once the discrete points (X, , Y,) of the maximal display window are
determined, the corrected image of the distorted camera grid is reconstructed by
mapping the equally spaced monitor grid points onto the unknown camera grid
points (X,,Y,) of the original image where the intensity values are known.
Based on the distortion correction factor, a respective location in the camera grid

is identified for each pixel in a display window.
Assuming that the distortion is radial from the optical axis, the points

(X5 Yo)s (X4,Y,), and O, Oy) all lie on the same line. Referring to Figure 4, r,

represents the distance between the optical axis and a chosen point P, in the
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display window DW. The point P, is the respective adjusted location in the
camera grid CG of the point P, after the image has been corrected. The
segment r, represents the distance between the optical axis and the point P, .
The point P, in the camera grid CG represents the same location of P, if there
were no distortion, i.e. the parameter C is equal to zero. The quantity Ar is the
displacement vector that is used to offset the point P, to a location P, based on
the distortion correction factor. The array of points on the camera grid (X,,Y,)
are determined by computing, for each point (X,,Y,) of the display window DW,
the corresponding displacement vector Ar, offsetting the display window point to
a location P, in the camera grid based on the value of the displacement vector,
and interpolating between pixels surrounding P, to determine a pixel intensity
value to be displayed at point (X,,Y,) in the display window DW.

As such, the array of points (X, ,Yd) can be determined using the equation
of a line and equation (1). Using the equation of a line, X,and Y, can be
expressed using the relationship:

Y, = mX,+b (3)
where parameter m represents the slope of the line and parameter b is a
constant. The parameter m is given by the equation (4a), while the parameter b
is given by the equation (4b):

m=(Y,-0,)/(X;-0,) (4a)

b=0,-O,m (4b)

Using the Pythagorean theorem, equation (1) can be expressed in terms

of “X,” and “Y,” coordinates, giving equation (5):

2= X +Y, = (r,+Cr) ) =A (5)
Substituting Y, from equation (3) into equation (5) results in equation (6):
(Mm?+ 1) X2+ 2mbX, + (b°-A) =0 (6)

Equations (3) and (6) form a system of equations that may be numerically
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or analytically solved in order to find the array of camera grid points (X, , Y,).
For example, equation (6) may be solved for X, uéing the quadratic formula,
while Y, may be found using equation (3) and the result derived from equation
(6).

The intensity value at each point (X,,Y,) is obtained by interpolating the
neighboring known values of the original image points in the camera grid. The
pixel intensity value at a chosen monitor grid point (X,,Y,) is given by the

intensity at its corresponding camera grid point (X, ,Y,). The preferred
interpolation method is cubic spline interpolation, however other interpolation
methods, including linear interpolation, logarithmic interpolation, Lagrange
interpolation, and so forth, may be used in order to obtain the pixel intensity
values.

It is to be noted that the set of camera grid points (X,,Y,) need only be
computed once for a given image size. After the monitor grid points are known,
All subsequent distorted images having the same size are corrected using
interpolation and pre-compiled camera grid points (Xd,Yd). The default
corrected image size is same as camera grid size, however the user may select
a different size for the corrected image.

Figure 5 is a flowchart showing a sequence of operations according to the
present invention. The rectangular camera grid CG shows a distorted image.
While estimating the parameter C, the camera grid CG is distorted in order to
create a corrected image. A maximal display window, illustrated with dash lines,
is generated to fit within the boundaries of the distorted camera grid DCG. Next,
the display window DW points are mapped onto the camera grid CG points and
the intensity of the pixels of the display window are found by interpolating the
values from the original image points of the camera grid. The resultis a
rectangular undistorted image.

Figure 6 is block diagram of a processing system 100 that can be used to
perform processing operations used in embodiments of the present invention.

The processing system 100 includes a processing unit 110, memory 120, user

9
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controls 130, display device 140, and communications device 150, each
connected to a bus structure 160. |

The processing unit 110 may include one or more general purpose
processors, one or more digital signal processors, or any other devices capable
of executing a sequence of instructions.

The memory 120 may include system memory, non-volatile storage
devices, and removable storage media. The removable storage media may be,
for example, a compact disk, floppy disk, or other removable storage devices.
Image memory 124, and program code 122, including sequences of instructions
for performing the above-described distortion correction operations, may be
stored on a removable storage media that can be read by the processing system
100 and used to operate the processing system in accordance with
embodiments described herein. The non-volatile storage device may be a
device such as magnetic tape, magnetic disk, optical disk, electrically erasable
programmable read only memory (EEPROM), or any other computer-readable
medium.

The user controls 130 may be a mouse, keyboard, trackball, stylus, or
any other device for manipulating the image and other elements displayed on
the display device 140.

The communications device 150 may be a modem, area network card or
any other device for coupling the processing system 100 to a computer network.
The communications device may be used to generate or receive a carrier wave
modulated with a data signal, for example, for obtaining images or text from a
server computer on the World Wide Web or other network, or for receiving
updated program code or function-extending program code that can be
executed by the processing unit to implement embodiments of the present
invention.

In one embodiment of the present invention, the processing system 100
described above may be a general purpose computer system. However,
embodiments of the present invention are not limited in their applications to a

computer system. As such, the above method may be executed by a

10



WO 00/44181 PCT/US00/01169

processing system 100 embedded in a digital camera. The camera may be
used for both still photography or videography. Following the method described
above, the calibration of the camera can be achieved by manually adjusting the
distortion factor C using camera built-in user controls 130. The user controls of
a camera may be buttons or slides. The picture may be stored in the memory
120, and it may be displayed on the camera built-in image display unit 140. The
equations mentioned above may be embedded in the program code 122 of the
camera, .such that the camera itself corrects the images, without the need of a
separate, external computer and monitor. Additionally, the above method may
be embedded inside a photo kiosk, where the display unit 140 and the user
controls 130 may be implemented by a touch sensitive screen.

In one embodiment, when power is applied to the processing system 100,
the program code is loaded from non-volatile storage or removable storage into
system memory by the processing unit 110. Sequences of instructions,
including the above-described distortion correction operations, are then
executed by processing unit 110.

Having described a processing system for implementing embodiments of
the present invention, it should be noted that the individual processing
operations described above may also be performed by specific hardware
components that contain hard-wired logic to carry out the recited operations or
by any combination of programmed processing components and hard-wired
logic. Nothing disclosed herein should be construed as limiting the present
invention to a single embodiment herein the recited operations are performed
by a specific combination of hardware components.

in the foregoing specification, the invention has been described with
reference to specific exemplary embodiments thereof. It will, however, be
evident that various modifications and changes may be made to the specific
exemplary embodiments without departing from the broader spirit and scope of
the invention as set forth in the appended claims. Accordingly, the specification

and drawings are to be regarded in an illustrative rather than a restrictive sense.
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What is claimed is:

1. A method for recreating an image free of geometrical distortion from a
distorted image captured by a camera, wherein the distorted image is
represented by a set of pixels in a camera grid, the method comprising the steps
of:

determining a distortion correction factor that, when applied to the
camera grid, causes distortion in the distorted image to be substantially
corrected;

identifying, based on the distortion correction factor, a respective
location in the camera grid for each pixel in a display window; and

assigning an intensity value to each pixel in the display window

based on one or more pixels in the camera grid indicated by the location.

2. The method as described in claim 1, wherein the step of determining a
distortion correction factor comprises prompting a user to provide input to distort
a contour of the image displayed on a the display window to correct the
geometrical distortion of the image, wherein distorting a contour of the image

indicates the distortion correction factor.

3. The method as described in claim 1, wherein the step of assigning an
intensity value to each pixel in the display window comprises determining the
intensity of the pixels in the camera grid by using an interpolation technique
selected from the group consisting of, but not limited to: linear interpolation,

cubic spline interpolation, Lagrange interpolation, and logarithmic interpolation.

4. A method for recreating an image free of geometrical distortion from a
distorted image captured by a camera, wherein the image is represented by a
set of pixels in a first camera grid, the method comprising the steps of:
adjusting the shape of said first camera grid to correct the content
of the distorted image, wherein adjusting the shape of said camera grid results

12
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in a distorted camera grid,;

for each selected pixel in the dispiay window, computing a
displacement vector between the selected pixel in the display window and a
corresponding pixel in the first camera grid based on a difference between the
distorted camera grid and the first camera grid; and

assigning an intensity to each selected pixel in the display window
based on at least one pixel in the first camera grid that is offset from the

corresponding pixel in the first camera grid according to the displacement vector.

5. The method as described in claim 4, wherein adjusting the shape of said
first camera grid is performed by dragging a corner of the image radially to the

center of the image until the image is corrected.

6. The method as described in claim 4, wherein adjusting the shape of said

first camera grid is performed by using a software implemented tool.

7. The method as described in claim 6, wherein the software implemented

tool is a scroll bar.

8. The method as described in claim 4, wherein the step of assigning an
intensity to each selected pixel in the display window comprises determining the
intensity of the pixels in the first camera grid by using an interpolation technique
selected from the group consisting of, but not limited to: linear interpolation,

cubic spline interpolation, Lagrange interpolation, and logarithmic interpolation.

9. An article of manufacture including one or more computer readable media
that embody a program of instructions for correcting a geometrical distortion in a
distorted image captured by a camera, wherein the program of instructions,
when executed by a processing unit, causes the processing unit to:

prompt a user to provide input to distort a contour of the distorted

image displayed on a image display device to correct the geometrical distortion

13
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of the distorted image, wherein distorting a contour of the image indicates a
distortion correction factor: |

identify, based on the distortion correction factor, a respective
location in the distorted image for each pixel in a display window; and

recreate an image free of the geometrical distortion from a
distorted image by assigning an intensity value to each pixel in the display
window based on one or more pixels in the distorted image indicated by the
location; and

display an image free of geometrical distortion.

10.  The article of manufacture as described in claim 9, wherein said recreate
an image free of geometrical distortion from a distorted image includes
determining the intensity of the pixels in the display window from the

interpolation of the corresponding neighboring pixels of the distorted image.

11. A method for correcting a geometrical distortion in an image, wherein the
method comprises the steps of : |

prompting a user to provide input to distort a contour of the image
displayed on a image display device to correct the geometrical distortion in the
image, wherein distorting a contour of the image indicates a distortion correction

factor,
adjusting the distortion correction factor in response to the user input to

correct the geometrical distortion in the image.

12.  The method as described in claim 11, wherein the distortion correction
factor is adjusted by dragging a corner of the image radially to the center of the

image until the image is corrected.

13. The method as described in claim 11, wherein the distortion correction

factor is adjusted by using a software implemented tool.

14. The method as described in claim 13, wherein the software implemented

14
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tool is a scroll bar.

15.  An article of manufacture including one or more computer readable media
that embody a program of instructions for correcting a geometrical distortion in a
distorted image captured by a camera and represented by a camera grid,
wherein the program of instructions, when executed by a processing unit,
causes the processing unit to

determine a distortion correction factor that, when applied to the
camera grid, causes distortion in the distorted image to be substantially
corrected;

identify, based on the distortion correction factor, a respective
location in the camera grid for each pixel in a display window; and

assign an intensity value to each pixel in the display window based

on one or more pixels in the camera grid indicated by the location.

16.  The method as described in claim 15, wherein the step of determining a
distortion correction factor comprises prompting a user to provide input to distort
a contour of the image displayed on a the display window to correct the
geometrical distortion of the image, wherein distorting a contour of the image

indicates the distortion correction factor.

17.  The method as described in claim 15, wherein the step of assigning an
intensity value to each pixel in the display window comprises determining the
intensity of the pixels in the camera grid by using an interpolation technique
selected from the group consisting of, but not limited to: linear interpolation,

cubic spline interpolation, Lagrange interpolation, and logarithmic interpolation.

18.  An apparatus comprising:

user controls which allow a user to distort a contour of a distorted
image displayed on an image display device to correct a geometrical distortion in
the distorted image; _

a processing unit comprising one or more processors; and

15
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one or more memories coupled to said one or more processors,

said one or more memories having stored therein a program code which, when
executed by said one or more processors, causes said one or more processors
to:

perform an iterative adjustment of a distortion correction
factor that, when applied to the distorted image, causes distortion in the
distorted image to be substantially corrected;

identify, based on the distortion correction factor, a
respective location in the distorted image for each pixel in a display window; and

recreate an image free of geometrical distortion from a
distorted image by assigning an intensity value to each pixel in the display
window based on one or more pixels in the distorted image indicated by the

location.

19.  The apparatus as described in claim 18, wherein said recreate an image
free of geometrical distortions from a-distorted image includes determining the
intensity of the pixels in the display window from the interpolation of the

corresponding'neighboring pixels of the distorted image. -

20. The apparatus as described in claim 18 further comprises an image

display unit.

16
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