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Digital Image Correcting Method for Digital Camera
Digital Image Correcting Method for Digital Camera

Haike Guan* Kenji Shiraishi** Kazumitsu Watanabe** Hiroki Fukuoka** Kazuyasu Ohashi***
Haike GUAN Kenji SHIRAISHI Kazumitsu WATANABE Hiroki FUKUOKA Kazuyasu OHASHI
Abstract

At Ricoh, digital camera development has been performed with the keyword of "expanding the area of
photographing," and one of the means to achieve this purpose is the adoption of wide-angle zoom lenses.
However, distortion aberration, chromatic aberration, and decrease in the peripheral light amount tend to
occur with wide-angle zoom lenses, and minimizing these aberrations and securing abundant peripheral
light amount by optical design alone are obstacles to lens miniaturization. Thus, we have developed a
technique to correct image distortion and decrease in the peripheral light amount using image processing.
According to this method, it is possible to improve the image quality of an image taken with a digital
camera by software processing. By implementing various speed-enhancing innovations, the software in
the camera alone corrects these degradations without using any special hardware. We conducted image
correction experiments using actual images photographed with a digital camera, evaluated the image
quality of the corrected images and the processing time inside the camera, and checked and confirmed the

effectiveness of this method.

ABSTRACT

Wide-angle zoom lens is applied to make wide field of view of a digital camera. But the zoom lens
tends to have much more aberration, such as distortion and chromatic aberration, than standard lens.
Intensity also falls more sharply from center to the edge of an image taken by the wide-angle lens camera.
The aberrations can be well corrected by optical methods, but it is very difficult to keep the camera
compact and small at same time.

We propose a new method to correct the aberrations and intensity of a small compact digital camera
with a wide-angle zoom lens. In this method, correction is made by image processing software embedded
in the digital camera. Experiments were made by using images of the cameras with wide-angle lens to
show effectiveness of the method. Correcting results of the images and the processing time of the camera

are also described.
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1. Introduction

In recent years, the market for digital cameras has been rapidly expanding,
accompanied by the development of more pixels, smaller size, larger LCD screens, and
higher zoom magnification. Conventionally, it has been difficult for compact-type
digital cameras to incorporate a zoom lens that starts from a wide-angle range, but
Ricoh's Caplio series of digital cameras has realized a zoom lens with a focal length
equivalent to 28 mm at the wide-angle end by utilizing advanced optical design
technology and mechanical design technology.

The zoom lenses in the Caplio series have achieved high image quality despite their
compact size, but image quality would be further improved if the effects of slight
residual distortion aberration, magnification chromatic aberration, and decrease in the
peripheral light amount could be reduced.

Geometric distortion, known as distortion aberration, is caused by the difference in
image formation magnification between the center and the periphery of the image.” If
distortion aberration remains in the lens, it will appear as distortion in the photographed
image, for example, a straight line becomes a curve or a circular shape becomes a
distorted ellipse. In addition, when multiple images are pasted together to form a
panoramic image, discontinuity in the image at the joints can occur.?

Magnification chromatic aberration occurs when the image formation magnification
of a lens differs depending on the wavelength of light. If this aberration remains, it
appears as a color shift phenomenon (coloration of image edges) at the peripheral part
of the image. This phenomenon is particularly noticeable when photographing an
object that has a large difference in brightness and darkness.

The decrease in the peripheral light amount is a phenomenon in which the
illuminance decreases as an image moves away from the center of the image even
when an object of uniform luminance is formed, and appears as a peripheral light
decrease (shading of the peripheral part) in the photographed image.®

Of course, it is desirable that the images photographed by the camera will be free of
distortion, color shift, and peripheral light decrease.

In conventional methods, distortion aberration and magnification chromatic
aberration are reduced to a sufficient level by optical design innovations. However, it is
extremely difficult to completely eliminate aberration at all focal lengths from the
wide-angle end to the telephoto end, especially in the case of zoom lenses. Regarding
the decrease in the peripheral light amount, theoretically, it is not possible to
completely correct it by optical design innovations alone.”

In contrast, a method of correcting distortion by digital image processing has been
proposed. In this method, an object to be calibrated, such as a test chart, is

photographed, the coefficient of distortion is calculated, and then the image is

corrected.”® However, distortion aberration depends on the zoom position (the focal
length used) and the photographing distance. If the photographing conditions can be
fixed, the measured distortion coefficients can be used to correct this distortion
aberration. However, in the case of normal photographing, the photographing
conditions usually vary, so it is very time-consuming to measure the coefficients in
advance for all the photographing conditions. The decrease in the peripheral light
amount depends on the zoom position and photographing distance, and is also related
to the aperture value of the lens (the f-number used).

Commercial image processing software may also come with a distortion correction
function. However, this method corrects the image while adjusting the distortion
aberration parameters using scroll bars, and the corrected image is visually checked.
Then, the parameters are determined and the image is corrected using the distortion
coefficients. This method requires manual input of parameters and approximates the
entire image with a single parameter, so sufficient accuracy cannot be obtained. A
method for automatically correcting distortion aberration using two images
photographed in different orientations was proposed,” but it has the disadvantage of
requiring two images to correct one image.

As mentioned above, image correction for photographed images is burdensome for
the user, and because the image data does not contain sufficient camera information at
the time of photographing, it is difficult to correct the image with sufficient accuracy.

This paper proposes a method for correcting distortion, peripheral light decrease, and
color shift using digital image processing. The proposed method used the
photographing conditions necessary for correction as auxiliary information, to enable
accurate correction. This paper first explains the principle of image correction. Next, it
introduces the experimental results of applying this technology to images photographed
by a digital camera, and describes the results of evaluation of correction accuracy.
Finally, the results of the application of this technology to the body of a digital camera

will be explained.

2. Technology

21 Distortion aberration

2-1-1 Distortion aberration and image distortion

When an image is formed by a lens, the image distortion caused by the distortion
aberration is as shown in Fig. 2. As shown in Fig. 1, when a point at a distance y from
the optical axis on the object plane forms an image at y’ on the image plane, and the

angles of the front and rear principal points to the optical
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axis are 6o and 0, respectively, and the distance from the object plane to the front

principal point is a and the distance from the rear principal point to the image plane is b,

b tan(6) y’
pr —————= — )
a tan(6y) y

is called the lateral magnification (here, we do not mean the near-axis lateral
magnification), and if it is always constant regardless of the value of €, for example, in
case of a pinhole camera, it is # = 6o, and no distortion aberration exists. If the lateral
magnification is smaller in the periphery than in the center of the image, i.e., if 6
increases while f decreases, a barrel-shaped distortion will occur as shown in Fig. 2(c).
Conversely, when the lateral magnification at the periphery is larger than that at the
center, a pincushion-shaped distortion occurs, as shown in Fig. 2(b). Zoom lenses for
digital cameras often have barrel-shaped distortion aberration at the wide-angle end due
to their construction. There is also the so-called jingasa [ancient Japanese soldier's
hat]-type distortion aberration, in which the barrel-shaped distortion aberration and the
pincushion-type distortion aberration are mixed.

The distortion aberration is defined as follows: When forming an image of a
rectangular object as shown in Fig. 3, the ideal image formation position is assumed to
be A, and the image position when the distortion aberration occurs is assumed to be B.
The length of AO is assumed to be the ideal image height y’0. BO is the real image
height, and is assumed to be y’. The distortion aberration can be quantitatively
represented by Equation (2). Here, the distortion aberration D is also called optical

distortion.

5

Yo
D= —x100% (2)
y'0
In camera zoom lenses, distortion aberration depends on zoom position and
photographing distance."

In addition, the TV distortion Dt is defined by Equation (3).

dH

Dt= x 100 % 3)
2H

D~ 3xDt “4)

Image formation
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Fig.1  Imaging of lens with distortion.

~
.
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Fig.2  Imaging of a rectangular object screen shown with (a) no distortion, (b)
pincushion, and (c) barrel distortion.
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Fig.3  Definition of distortion.

Here, dH is the amount of bending of the long side of the horizontal rectangle and
2H is the image height. In the general case, the distortion aberration is proportional to
the square of the image height, and the optical distortion D is about three times the TV

distortion Dt.

2-1-2 Correction of distortion

The proposed method will be described hereinafter: The height of the maximum
image height AO from the image center O is set to 1, as shown in Fig. 3. The image
height below the maximum image height is h (h<1). Using an optical simulation tool,
distortion aberration is calculated for each of the conditions of lens zoom position and
photographing distance using the definition in Equation (2). In this case, aberration is a

negative value, resulting in a barrel-shaped distortion.
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Distortion aberration D

0 —» Image height

ratio h

Fig.4  Distortion of digital camera lens.

Here, the distortion aberration can only be calculated for discrete values of zoom
position, photographing distance, and image height. In the case of Fig. 4, the calculated
image heights are only a few discrete points, but for an image photographed with a 5-
megapixel imager, for example, the number of image heights per pixel is far more than
the number calculated using optical simulation tools. However, the amount of
distortion aberration data calculated for each pixel would be enormous. Thus, it is
necessary to interpolate between the data to eliminate discontinuities. Here, the
distortion coefficients are calculated for each pixel by approximating with an nth

degree polynomial using the data obtained from the lens ray tracing.
D=A0+Al xY' + A2x Y+ ...+ Anx Y" 5)

As shown in Equation (5), distortion aberration D is represented in terms of
polynomial coefficients (distortion aberration coefficients) of A0, ... , An. Using the
known values of the simulated calculated values (D;, D2, Ds, ..., Du) of distortion
aberration at image height ratios (Y5, Y2, Y3 ... , Y.), the distortion aberration
coefficients will be calculated by the least-squares approximation method. Using these

distortion aberration coefficients, the pixel position before correction (x,y) will be

calculated from the correct pixel position without aberration (x0,y0) using Equations

(6) and (7).
x = x0 (1+AO+A X YIH+A2X Y2+, +AnxY") (6)
¥ =30 (1+A0+A' X Y'+A2x Y2+, +AnxY") )

However, as shown in Fig. 5, the image position before distortion correction may be
a fractional number, so when using rounded nearest neighbor pixels, discontinuities in
the corrected image will have occurred. In order to prevent the occurrence of such
discontinuities, a linear interpolation process will be performed. Using Equation (8),
the luminance value at the image coordinates (x,y) before correction will be calculated

using the four neighboring pixels. This will result in a smooth correction of the image.

fxy)= (fG)*(1 = dx) + i + 1)* d)*(1 —dy) + (fij +

D*(1 —dx)+ f(i + 1,j + 1)* dx)dy ®)
Since this method is not particularly dependent on the type of distortion aberration, it
can of course be applied not only to barrel-shaped distortion, but also to pincushion-

shaped distortion and jingasa-type distortion.

YA
i, ) dx (+1, 1)
dy
flx,y)
(i, j+1) (i+1, j+1)
; X

Fig.5  Linear interpolation.

Fig. 6 Image with distortion.

Fig. 7  Corrected Image.
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2-1-3 Experimental results of distortion correction and camera body

mounting

Image data was collected using an experimental prototype digital camera, data was
analyzed, and experiments for distortion aberration correction were performed. Images
were photographed at distances of 300mm, 1000mm, 2500mm, 4000mm, and 5000mm
or more, while changing the zoom position. The image size was 2048x1536 pixels
(3.24 million pixels). A total of 250 images, including straight lines, were
photographed.

Using the design value of distortion aberration obtained by optical simulation, an
experiment was performed on a PC to correct the distortion of all 250 images based on
the data of zoom position and photographing distance. The examples of correction at a
photographing distance of 300mm are shown in Fig. 6 and Fig. 7.

About the correction accuracy of this method, experiments were performed. The
correction results were evaluated using the straight lines of the buildings in the test
chart and in the photographed images. The correction accuracy of the distortion was
evaluated by measuring the TV distortion Dt using Equation (3). A straight line was
drawn in the corrected image using an image processing tool, and then the maximum
distance dH between the corrected line and the drawn line was measured. The
maximum distance was 3 pixels in all 135 corrected distortion images. According to

Equation (3), Dt is about 0.1%.

Line after correction
dH ¥

T Straight line

Fig. 8  Evaluation of accuracy of distortion correction.

The algorithm was mounted on the camera body and experiments were conducted.
The correction program was implemented in the firmware. The following innovations
were made to speed up the processing in the camera.

(1) Reduce the amount of computation by utilizing YCrCb4:1:1 data.

(2) Reduce the computation of coordinates of common areas by utilizing the

symmetry of images.

(3) Reduce the amount of computation by correcting only the peripheral areas of the

image without correcting the less distorted areas in the center of the image.

Table 1 shows the correction processing time for an image size of 20481560 pixels.
When all pixels are corrected, it takes 29.5 seconds, but the above-mentioned
innovation of correcting only the peripheral areas will speed up the process. For

example, if the correction area is processed only outside the circle of which the radius

is 50% of the diagonal length from the image center, the processing time will be about

15 seconds.

Table 1 ~ Processing time of distortion correction.

Corrected area Processing time (seconds)
100% 29.5
50% 15.1
40% 9.4
30% 4.5
2-2 Correction for the peripheral light decrease

2-2-1 About the peripheral light amount

A phenomenon is known that even when photographing a plane of uniform
luminance perpendicular to the optical axis of the lens, the amount of light on the
imaging plane decreases as the angle @ of the incident light relative to the optical axis
increases. This decrease in luminance can be derived geometrically from the image
generation process of the image formation model consisting of the lens and the imaging
plane. If the pupil radius of the lens is assumed to be 1, the angle of the incident light
ray to the optical axis of the lens is assumed to be 6, the distance from the lens to the
imaging surface is assumed to be z, and the radiant luminance on the object surface is
assumed to be L, the illuminance E on the imaging plane is represented as follows. z is

determined by the focal length of the lens and the distance from the object to the lens.”

Lzl? cos* 0

E= ©

Equation (9) shows that when a plane of uniform luminance L is formed, the
illuminance decreases at a rate of cos*0 toward the periphery of the image. This is
called the cosine quadrature law. Since 6 is a function that rapidly decreases as €
increases, a wide-angle lens with a large angle of view will cause a large decrease in
luminance at the periphery of the image. The decrease in the peripheral light amount

depends on the zoom position of the lens, photographing distance and aperture value.

2-2-2 Correction for the peripheral light decrease

The proposed peripheral light decrease correction method will be explained
hereinafter. The same as distortion correction, an optical simulation tool is used to
obtain the value of peripheral light amount for each image height. Here, the peripheral

light amount ratio P is defined as in Equation (10).

P= (10)
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E, is the illuminance at the periphery and E. is the illuminance at the center of the
image.

Fig. 9 shows a conceptual diagram of a decrease in the peripheral light amount of
lens. Here, the peripheral light amount ratio can only be calculated for discrete values
of zoom position, photographing distance, aperture value and image height. In the case
of Fig. 9, the calculated image heights are only a few discrete points, but in the case of
a photographed image with a 5-megapixel imager, for example, the number of image
heights per pixel is far more than the number calculated using an optical simulation
tool. If the peripheral light amount data of the lens is used as is, image discontinuities
will have occurred, resulting in false contours. However, calculating the peripheral
light amount data for each pixel would result in an enormous amount of data. Thus, it is
necessary to interpolate between the data to eliminate discontinuities. Here, ray-traced
data of the lens is used to approximate with an nth-order polynomial equation to

calculate the peripheral light amount coefficient for each pixel.

Peripheral light amount ratio P

A

1
P Image height
ratio h
Fig.9  Image intensity of digital camera lens.
P=BO+BlxY'+B2xY*+ ... +BnxY" 11

As shown in Equation (11), the peripheral light amount ratio data P is represented by
polynomial coefficients BO, ... , Bn. Using the known ray tracing calculated values (Pi,
P2, P3, ..., Pm) at image height (Y1, Y2, Y3, ..., Ym), the least-squares approximation
method is used to calculate the peripheral light amount coefficients (Bo, Bi, Bz, ..., Bn).
Using these peripheral light amount coefficients, the peripheral light amount ratio at

pixel position (x0,y0) is calculated and then the pixel is corrected.

1
Iy= 12
o » (12)

The peripheral light decrease correction is represented by Equation (12). I, is the
peripheral pixel value. P is the peripheral light amount ratio defined in Equation (10). Iy
is the corrected pixel value.

The peripheral light amount ratio data calculated by optical simulation represents the
illuminance ratio and needs to be converted to the pixel value ratio. Therefore, the

peripheral light amount ratio in Equation (10) is corrected in advance using the CCD

gamma data. Alternatively, gamma correction is directly added to the corrected pixel

value calculated by Equation (10).

2-2-3 Experimental results of peripheral light decrease correction and

camera body mounting

Image data was collected using an experimental prototype digital camera, and
peripheral light decrease correction experiments were conducted. The images were
photographed at a distance of 300mm, 1000mm, 2500mm, 4000mm, and 5000mm or
more, while changing the zoom position. The image size was 2048x1536 pixels (3.24
million pixels). A total of 250 images were photographed.

Using the designed value of peripheral light amount ratio calculated by optical
simulation, peripheral light decrease correction experiments were conducted on a PC
for all 250 images based on the zoom position and the photographing distance data.
The validity of the corrected images was visually checked and confirmed. The
examples of correction for a photographing distance of 300mm are shown in Fig. 10
and Fig. 11.

A peripheral light decrease correction algorithm was also mounted in the camera
body, and experiments were conducted. When implementing the correction program in
the camera firmware, the following innovations were made to speed up the processing
in the camera body.

(1) Reduce the amount of computation by utilizing the YCrCb4:1:1 data

(2) Reduce computation of coordinates of common areas by utilizing image

symmetry

(3) Reduce the amount of computation by correcting only the peripheral areas of the

image without correcting the central area of the image where there is little light
decrease.

The correction processing time for an image size of 2048x1560 pixels is shown in
Table 2. Even when only the area outside the circle with a radius of 70% of the
diagonal length from the image center is processed, the peripheral light decrease is very
small at 7.5%. This is sufficient to correct the sudden decrease in light amount,
especially at the periphery of the image. In this case, the processing time is 1.8 seconds,

which is at a practical level.

Table 2  Processing time of shading correction.

Corrected area Processing time (seconds)
100% 7.0
50% 4.1
40% 3.0
30% 1.8
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Fig. 11 Image after shading correction.

2-3 Color shift correction

2-3-1 About the magnification chromatic aberration

Magnification chromatic aberration is an aberration caused by the difference in the
image formation magnification of the lens depending on the wavelength of light. The
point with height y shown in Fig. 1 is formed at three points y’x, y’c and y’s. Here, the
G signal of the RGB image is used as the reference, and the real image heights of R and

B are normalized by the real image height of G, using Equations (13) and (14).

Yr=Y6
Mp= —"x100% (13)
y'6
Y~ Yo
My= ——x100% (14)
Y6

The magnification chromatic aberration My and My have the same form as the
distortion aberration D in Equation (2). Therefore, the distortion correction
process can be used as is. The magnification chromatic aberration data, like the
distortion aberration, depends on the zoom position and the photographing

distance.

Optical simulation tools were used to calculate the magnification chromatic
aberration data in Equations (13) and (14). Using a polynomial approximation,
the My and My data were interpolated and the per-pixel data was computed. The
R and B signals are corrected and aligned with the G signal. The experiment was
conducted on images photographed by a digital camera, as shown in Fig. 12 and

Fig. 13, and then the effect of color shift correction was checked and confirmed.

Fig. 12 Chromatic difference of magnification.

Fig. 13 Correction of chromatic difference of magnification.

Summary

This paper proposes a method for correcting distortion, peripheral light decrease, and
color shift by image processing. The method stores in advance distortion aberration,
magnification chromatic aberration, and peripheral light amount data calculated using
an optical simulation tool, and then performs image correction by extracting the data

corresponding to the zoom position of the lens at the time of photographing, the
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photographing distance, and the aperture value. Since the processing is done inside the
camera, a uniform image without distortion or color shift can be obtained while the
user is not aware of this processing. If the zoom position, photographing distance, and
aperture value are recorded in advance in an Exif format image file, rather than in the
camera itself, the image can be corrected by software processing on a PC using
distortion aberration, magnification chromatic aberration, and peripheral light amount

ratio data.

Future Developments

Currently, all processing is done in software, so the processing time takes several
seconds and is not real-time processing. If the system is integrated into a camera as
hardware and further speeded up, it will be possible to shorten the photographing
interval and prevent missed shutter opportunities.

This paper examined and discussed distortion, peripheral light decrease, and color
shift, but other image degradations can also be corrected by image processing. In
addition, it is thought that it is also possible to create a completely new optical system
that has never existed before, if the optics and image processing systems are optimally
designed in an integrated manner, instead of designing and optimizing the camera

optics and image processing separately.
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Digital Image Correcting Method for Digital Camera
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ABSTRACT

Wide—angle zoom lens is applied to make wide field of view of a digital camera. But the zoom lens tends
to have much more aberration, such as distortion and chromatic aberration, than standard lens. Intensity
also falls more sharply from center to the edge of an image taken by the wide—angle lens camera. The
aberrations can be well corrected by optical methods, but it is very difficult to keep the camera compact
and small at same time.

We propose a new method to correct the aberrations and intensity of a small compact digital camera
with a wide—angle zoom lens. In this method, correction is made by image processing software embedded
in the digital camera. Experiments were made by using images of the cameras with wide—angle lens to
show effectiveness of the method. Correcting results of the images and processing time of the camera are

also described.
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Fig.1 Imaging of lens with distortion.
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Fig.2 Imaging of a rectangular object screen shown with

(a) no distortion, (b) pincushion, and (c) barrel
distortion.
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Fig.3 Definition of distortion.
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Fig.4 Distortion of digital camera lens.
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Fig.5 Linear interpolation.

Fig.6 Image with distortion.

Fig.7 Corrected Image.
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Fig.8 Evaluation of accuracy of distortion correction.
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Table 1 Processing time of distortion correction.
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Fig.9 Image intensity of digital camera lens.
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Table 2 Processing time of shading correction.
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Ricoh Technical Report No.31

108

DECEMBER, 2005



Fig.11 Image after shading correction.
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Fig.12 Chromatic difference of magnification.

Fig.13 Correction of chromatic difference of magnification.
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