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Certain embodiments relate to systems and methods for 
dynamic color shading correction, which can estimate the 
color shading in a captured image on the fly. The color shad 
ing may be estimated from the scene statistics of the captured 
image, and the estimated shading may be used for color 
shading correction. The color shading estimation method 
may separate out the color shading component from the 
actual image content by its unique characteristic in the gra 
dient domain. 
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DYNAMIC COLOR SHADING CORRECTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims the benefit under 35 U.S.C. 
S119(e) of U.S. Provisional Patent Application No. 61/863, 
353, filed on Aug. 7, 2013, entitled “DYNAMIC COLOR 
SHADING CORRECTION, the entire contents of which is 
hereby incorporated by reference herein in its entirety and for 
all purposes. 

TECHNICAL FIELD 

The systems and methods disclosed herein relate generally 
to image capture devices, and more particularly, to correcting 
color distortion in captured images. 

BACKGROUND 

Images captured using digital cameras Suffer from bright 
ness and color shading distortions that can compromise the 
quality of captured photos. Brightness shading, also known as 
Vignetting, is a position dependent decrease in the amount of 
light transmitted by an optical system causing darkening of an 
image near the edges. Vignetting, which affects both film and 
digital cameras, refers to a decrease in the amount of light 
transmitted by an optical system near the periphery of the lens 
field-of-view (FOV) causing gradual darkening of animage at 
the edges. Vignetting can be effectively fixed by calibrating 
the lens roll off distortion function of the camera. 

Color shading is similar in effect and manifests as shift in 
color near the edges of the sensor. Color shading distortion is 
specific to digital cameras. The spectral sensitivity of a typical 
charge-coupled device (CCD) or complementary metal-OX 
ide-semiconductor (CMOS) sensor is higher at the red end of 
the spectrum of visible light than at the blue end of the 
spectrum, and also extends considerably into the near infrared 
(IR) spectrum. The relatively high sensitivity of such sensors 
to IR light can cause errors in color reproduction. Therefore, 
in most digital sensors, the IR sensitivity is limited by a 
thin-film reflective IR filter at the face of the sensor that 
blocks the infrared wavelength while passing visible light. 
However, the transmittance of the IR filter shifts to shorter 
wavelengths as the angle of light incident on the filter 
increases. Accordingly, longer wavelengths (such as red 
light) can be blocked more at the edges of the image sensor 
due to larger incident light ray angles, resulting in a spatially 
non-uniform color temperature in the image. 

Conventionally, color shading artifacts are corrected by 
per-unit-calibration, which measures color shading profiles 
of an individual image capture device under a set of illumi 
nants from images of a flat-field Scene captured by the image 
capture device under each illuminant in the set. The inverse of 
the two-dimensional profile of color shading under each illu 
minant is stored as a correction table to compensate for color 
shading artifacts in images captured by the image capture 
device. When capturing an image, the image capture device 
first employs a white balance algorithm to detect the scene 
illuminant from the captured data on the sensor and then 
selects the corresponding correction table to compensate for 
color shading distortion. 

SUMMARY 

Color shading artifacts in a captured image may deteriorate 
the quality of the image. However, existing methods for cor 
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2 
recting color shading artifacts are complex, computationally 
expensive, sensor-dependent, and do not accurately correct 
color shading artifacts in scenes with multiple sources of 
illumination, Scenes with objects having Surfaces that vary the 
wavelength of incident light by reflection, or scenes with 
illumination sources that do not have a corresponding precal 
culated correction table. Accordingly, the color shading cor 
rection techniques described herein are calculated on the fly 
for any image sensor, and may be based on the illumination 
Source type of an image scene as well as the objects in the 
captured image. 
The severity of vignetting and color shading artifacts, 

among other factors, may depend on the chief ray angle 
(CRA) of light striking the imaging sensor. This factor may 
make wide-angle lens designs in compact cameras more 
prone to shading distortions. While vignetting can be fixed 
relatively easily using calibration of the optical system, color 
shading is a more complicated phenomenon primarily caused 
by interaction of the incident angle of the light with the 
infrared (IR) reflective filter on the sensor. Color shading 
depends on the spectra of the scene illuminant as well as the 
Surface reflectances of the objects being imaged and, there 
fore, cannot be fixed robustly using pre-calibration tech 
niques. 

Several factors may contribute to color shading artifacts in 
an image. The infrared filters used to block unwanted infrared 
light from being captured by an image sensor generally have 
a steep cutoff at a chosen wavelength. However, the wave 
length at which the cutoff occurs changes depending on the 
angle of incidence of the incoming light rays. For instance, 
the cutoff wavelength of a typical thin-film reflective IR filter 
is a function of the angle of the light arriving at the sensor, 
shifting monotonically towards the blue end of the spectrum 
with increase in the incident angle of light. Therefore, 
towards the edges of the camera field-of-view (FOV) where 
the chief ray angle (CRA) of the lens is greater, the IR filter 
cuts out more red light than at the center of the FOV. Conse 
quently, the response of an imaging sensor equipped with a 
reflective IR filter is spatially non-uniform, resulting in a 
visually unpleasing color shading in the captured image. 
Color shading is typically more severe for compact, wide 
angle optical systems, for example imaging devices in mobile 
phones. The compact size of camera modules used in mobile 
phones, coupled with relatively wide angle lenses, means the 
lens is very close to the image sensor, which thus receives 
light at angles that can become quite steep at the corners and 
edges of the image. The result is a significant variation in the 
color response across the image. In addition, other physical 
phenomena, e.g., lens vignetting, dependence of optical spa 
tial crosstalk on CRA, and dependence of pixel quantum 
efficiency on the wavelengths of incident photons, may also 
contribute to color shading artifacts. 

Despite being effective in some instances, this per-unit 
calibration method described above fails to provide a robust 
solution. For example, there is great variety in the number of 
possible illuminants with different wavelength spectra, mak 
ing calibration of the color shading correction tables underall 
possible light Sources costly and time-inefficient. Even if an 
image capture device has been calibrated to compensate for 
shading under all possible light Sources, the illuminant clas 
sification determined by a performing a white balance analy 
sis on the captured scene statistics may be incorrect. A wrong 
white balance determination may result in selection of an 
incorrect correction table for compensating for color shading, 
and the incorrect correction table may provide only a partial 
correction of the shading artifact. Further, per-unit calibration 
correction methods are not capable of operating Successfully 
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in mixed lighting conditions. In addition, pre-calibrated per 
unit correction tables are accurate only for the calibrated 
sensor and for other sensors which do not deviate too much 
from the calibrated sensor's reference in their shading char 
acteristics. Additionally, since color shading is a function of 5 
the wavelength spectra of the illuminant as well as of the 
objects being illuminated, pre-calibrated tables may not pro 
vide highly accurate correction, as shading correction with 
pre-calibrated tables only account for dependence of the 
shading characteristics on the illuminant spectra. Finally, the 
exact angle at which the IR filter is mounted with respect to 
the sensor is subject to a spread of manufacturing mechanical 
tolerances, potentially leading to off-center shading that var 
ies device-to-device. Accordingly, pre-calibrated tables may 
not provide for accurate correction, as the pre-calibrated table 
may assume a different center location for the shading than is 
actually occurring in a device due to manufacturing 
One aspect relates to a method in an electronic device for 

correcting color shading artifacts in a captured image, the 
method comprising receiving image data comprising the cap 
tured image and scene statistics, the scene statistics compris 
ing a downsampled version of the captured image; accessing 
a reference table, wherein the reference table comprises shad 
ing correction data calibrated on a reference module under a 
typical illumination; correcting color shading in the scene 
statistics using the reference table; estimating color shading 
in the corrected Scene statistics; updating the reference table 
based on the estimated color shading; and correcting color 
shading in the captured image using the updated reference 
table. 

Another aspect relates to a dynamic color shading correc 
tion apparatus, comprising a correction table data repository 
configured to store a reference table, wherein the reference 
table comprises shading correction data calibrated on a ref 
erence module under a typical illumination; an initial color 
shading correction module configured to receive image data 
comprising a captured image and Scene statistics, the scene 
statistics comprising a downsampled version of the captured 
image, and to perform preliminary color shading correction 
on the scene statistics using the reference table; a color shad 
ingestimation module configured to estimate color shading in 
the scene statistics; a table updating module configured to 
generate an updated table from the reference table and the 
estimated color shading; and a color shading correction mod 
ule configured to correct color shading artifacts in the image 
data using the updated table 

Another aspect relates to an iterative color shading estima 
tion process comprising obtaining a plurality of hue compo 
nents from scene statistics of a captured image, wherein the 
scene statistics represent a downsampled version of the cap 
tured image; initializing an iterative problem of solving for a 
color shading component value and an intrinsic color com 
ponent value; performing a first iteration of the iterative prob 
lem; determining whether the color shading component value 
and the intrinsic color component value have converged; and 
if the color shading component value and the intrinsic color 
component value have not converged, performing an addi 
tional iteration of the iterative problem, and, if the color 
shading component value and the intrinsic color component 
value have converged, outputting the color shading compo 
nent. 

Another aspect relates to an aggressive color shading esti 
mation process comprising obtaining a plurality of hue com 
ponents from scene Statistics of a captured image, wherein the 
scene statistics represent a downsampled version of the cap 
tured image; detecting a plurality of partial gradients of a 
color shading component directly from at least one hue com 
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4 
ponent of the scene statistics; and reconstructing the color 
shading component from the plurality of partial gradients. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The disclosed aspects will hereinafter be described in con 
junction with the appended drawings and appendices, pro 
vided to illustrate and not to limit the disclosed aspects, 
wherein like designations denote like elements. 

FIG. 1A illustrates an example of light incident on a filter 
at different chief ray angles; 

FIG. 1B illustrates example shifts in transmittance of light 
through the filter based on the incident angles illustrated in 
FIG. 1A: 
FIG.1C illustrates a grayscale approximation of the spatial 

color nonuniformity of a captured image resulting from the 
transmittance shifts illustrated in FIG. 1B: 

FIG. 2 illustrates a schematic block diagram of an example 
system with dynamic color shading correction capabilities; 
FIG.3 illustrates a schematic block diagram of an embodi 

ment of a dynamic color shading corrector; 
FIG. 4 illustrates an embodiment of a dynamic color shad 

ing correction process; and 
FIG. 5 illustrates an embodiment of a color shading esti 

mation process. 

DETAILED DESCRIPTION 

Introduction 

Embodiments relate to systems and methods for correcting 
color shading in a captured digital image. The color shading 
correction techniques described herein provide a framework 
for dynamic color shading correction (DCSC), which can 
estimate the color shading of a captured image on the fly from 
the scene statistics of the captured image and can use the 
estimated shading for color shading correction. The DCSC 
framework can use a color shading estimate method to sepa 
rate out the color shading component from the actual image 
content by its unique characteristics in the gradient domain, 
for example, the characteristic that the color shading compo 
nent is generally a slowly varying function. The DCSC tech 
nique can use the color shading estimate to update a pre 
calibrated color shading correction table to accurately 
compensate for the color non-uniformity in the captured 
image regardless of the scene illuminant or Surface reflec 
tances. Because the updated color shading correction table is 
generated on the fly from the estimated color shading in the 
captured image, the DCSC framework does not assume that 
the scene illuminant is included in the pre-calibrated correc 
tion table, nor does it rely on a white balance algorithm to 
attempt detection of the scene illuminant, so can accurately 
correct for the specific color non-uniformity in the captured 
image. The DCSC technique is computationally efficient and 
can provide color shading correction in real-time, and in some 
embodiments operates efficiently and in real-time when 
implemented on a mobile device. 
An embodiment of the color shading correction techniques 

may apply spatially-variant and color-channel-dependent 
gains to image pixels to dynamically compensate for a lack of 
color uniformity in a captured image. Typically, pixels farther 
away from the image center are multiplied with larger gains, 
while pixels at the image center get a unity gain. The two 
dimensional profile of color shading distortion in an image 
depends on the actual wavelengths of light photons arriving at 
the sensor and, therefore, depends not only on the scene 
illuminant but also on the surface reflectance of the objects 
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being imaged. Thus, correction gains used for correcting 
color shading artifacts in an image should be updated in 
response to a change in either the image scene illuminant or 
the image scene content. One embodiment is provided with a 
pre-calculated correction table, calibrated on a reference 
device under typical illumination. 

In the following description, specific details are given to 
provide a thorough understanding of the examples. However, 
it will be understood by one of ordinary skill in the art that the 
examples may be practiced without these specific details. For 
example, electrical components/devices may be shown in 
block diagrams in order not to obscure the examples inunnec 
essary detail. In other instances. Such components, other 
structures and techniques may be shown in detail to further 
explain the examples. 

It is also noted that the examples may be described as a 
process, which is depicted as a flowchart, a flow diagram, a 
finite state diagram, a structure diagram, or a block diagram. 
Although a flowchart may describe the operations as a 
sequential process, many of the operations can be performed 
in parallel, or concurrently, and the process can be repeated. 
In addition, the order of the operations may be re-arranged. A 
process is terminated when its operations are completed. A 
process may correspond to a method, a function, a procedure, 
a Subroutine, a Subprogram, etc. When a process corresponds 
to a software function, its termination corresponds to a return 
of the function to the calling function or the main function. 
Overview of Color Shading 

FIG. 1A illustrates an example of light incident on a filter 
108 at different chief ray angles. Filter 108 is positioned 
above an image sensor 110. For illustrative purposes, light ray 
102A is shown as being substantially normal to filter 108, 
light ray 104A has a greater angle of incidence than light ray 
102A, and light ray 106A has a greaterangle of incidence than 
light ray 104A. The graphical representations of wavelengths 
102B, 104B, 106B illustrate how the spectra of light trans 
mitted through the filter 108 to the sensor 110 shifts towards 
shorter wavelengths as the angle of incidence increases. 

FIG. 1B illustrates example shifts in transmittance of light 
through the filter as a function of wavelength based on the 
incident angles illustrated in FIG. 1A. Transmittance spec 
trum 112 corresponds to incident light 102A at a substantially 
normal angle to the filter 108, transmittance spectrum 114 
corresponds to incident light 104A, transmittance spectrum 
116 corresponds to incident light 106A, and transmittance 
spectrum 118 is an example of the spectrum of light typically 
present in an image scene. As is apparent, the cut-on and 
cut-off wavelengths for light transmitted through the filter 
shifts towards shorter wavelengths as the angle of incidence 
increases, and therefore the sensor 110 receives different 
spectra of light in different regions of the sensor based on the 
incident angle of light on each portion of the sensor. 

FIG. 1C illustrates a grayscale approximation of an 
example illustration of the spatial color nonuniformity of a 
captured image resulting from the transmittance shifts illus 
trated in FIG. 1B. A center region 132 typically has warmer 
color tones than a cooler edge region 134 due to the transmit 
tance shift based on incident light angle. 
System Overview 

FIG. 2 illustrates a high-level block diagram of an example 
system 200 with dynamic color shading correction capabili 
ties, the system 200 having a set of components including a 
processor 220 linked to an imaging sensor 215 having a filter 
260. A working memory 205, storage 210, electronic display 
225, and memory 230 are also in communication with the 
processor 220. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
System 200 may be a device such as cell phone, digital 

camera, tablet computer, personal digital assistant, or the like. 
System 200 may also be a more stationary device such as a 
desktoppersonal computer, video conferencing station, or the 
like that uses an internal or external camera for capturing 
images. System 200 can also be a combination of an image 
capture device and a separate processing device receiving 
image data from the image capture device. A plurality of 
applications may be available to the user on system 200. 
These applications may include traditional photographic 
applications, capture of still images and video, dynamic color 
correction applications, and brightness shading correction 
applications, among others. 
The image capture system 200 includes the image sensor 

215 for capturing images. The image sensor 215 can be, for 
example, a charge-coupled device (CCD), a complementary 
metal-oxide semiconductor (CMOS) sensor, or the like. The 
image sensor 215 may be coupled to the processor 220 to 
transmit a captured image to the image processor 220. A filter 
260 may be positioned near or within sensor 215, for example 
an infrared cutoff filter designed to reflect or block mid 
infrared wavelengths while passing visible light. The image 
processor 220 may be configured to perform various opera 
tions on a received captured image in order to output a high 
quality color corrected image, as will be described in more 
detail below. 

Processor 220 may be a general purpose processing unit or 
a processor specially designed for imaging applications. As 
shown, the processor 220 is connected to a memory 330 and 
a working memory 205. In the illustrated embodiment, the 
memory 230 stores an imaging sensor control module 235, 
dynamic color shading correction module 240, capture con 
trol module 245, and operating system 250. These modules 
include instructions that configure the processor to perform 
various image processing and device management tasks. 
Working memory 205 may be used by processor 220 to store 
a working set of processor instructions contained in the mod 
ules of memory 330. Alternatively, working memory 205 may 
also be used by processor 220 to store dynamic data created 
during the operation of device 200. 
As mentioned above, the processor 220 is configured by 

several modules stored in the memory 230. The imaging 
sensor control module 235 includes instructions that config 
ure the processor 320 to adjust the focus position of imaging 
sensor 215. The imaging sensor control module 235 also 
includes instructions that configure the processor 220 to cap 
ture images with the imaging sensor 215. Therefore, proces 
Sor 220, along with image capture control module 235, imag 
ing sensor 215, filter 260, and working memory 205 represent 
one means for capturing an image or sequence of images to be 
corrected for color shading. 
The dynamic color shading correction module 240 

includes instructions that configure the processor 320 to cor 
rect color shading in a captured image. For example, the 
dynamic color shading correction module 240 can estimate a 
color shading component in the captured image, and can use 
the estimated color shading component to generate a correc 
tion table to correct the color shading in the image. In some 
embodiments, the dynamic color shading correction module 
240 can store a pre-calibrated reference table, which is cali 
brated to correct color shading on a reference device under 
typical illumination. In some embodiments, the pre-cali 
brated reference table can be stored in the data store 210. The 
dynamic color shading correction module 240 can use the 
estimated color shading to dynamically update the pre-cali 
brated reference table to correct the color shading in a cap 
tured image. 



US 9,270,959 B2 
7 

Capture control module 245 may include instructions that 
control the overall image capture functions of the system 200. 
For example, in an embodiment the capture control module 
245 may include instructions that call Subroutines to config 
ure the processor 220 to capture image data of a target image 
scene using the imaging sensor 215. Capture control module 
245 may then call the dynamic color shading corrector mod 
ule 235 to correct color shading due to the filter 260 or other 
causes. Capture control module 245 may also call other pro 
cessing modules not illustrated, for example a vignetting 
estimation and correction module. 

Operating system module 250 configures the processor 
220 to manage the memory and processing resources of the 
system 200. For example, operating system module 255 may 
include device drivers to manage hardware resources such as 
the electronic display 225, storage 210, or imaging sensor 
215. Therefore, in some embodiments, instructions contained 
in the image processing modules discussed above may not 
interact with these hardware resources directly, but instead 
interact through standard subroutines or APIs located in oper 
ating system component 250. Instructions within operating 
system 250 may then interact directly with these hardware 
components. 
The processor 220 may be further configured to control the 

display 225 to display the captured image to a user. The 
display 225 may be external to an imaging device including 
the image sensor 215 or may be part of the imaging device. 
The display 225 may also be configured to provide a view 
finder for a user prior to capturing an image, or may be 
configured to display a captured image stored in memory or 
recently captured by the user. The display 225 may comprise 
an LCD or LED screen, and may implement touch sensitive 
technologies. 

Processor 220 may write data to storage module 210, for 
example data representing captured images, color shading 
estimation, and correction table data. While storage module 
210 is represented graphically as a traditional disk device, 
those with skill in the art would understand that the storage 
module 210 may be configured as any storage media device. 
For example, the storage module 210 may include a disk 
drive. Such as a floppy disk drive, hard disk drive, optical disk 
drive or magneto-optical disk drive, or a solid State memory 
such as a FLASH memory, RAM, ROM, and/or EEPROM. 
The storage module 210 can also include multiple memory 
units, and any one of the memory units may be configured to 
be within the image capture device 200, or may be external to 
the image capture system 200. For example, the storage mod 
ule 210 may include a ROM memory containing system pro 
gram instructions stored within the image capture system 
200. The storage module 210 may also include memory cards 
or high speed memories configured to store captured images 
which may be removable from the camera. 

Although FIG. 2 depicts a system comprising separate 
components to include a processor, imaging sensor, and 
memory, one skilled in the art would recognize that these 
separate components may be combined in a variety of ways to 
achieve particular design objectives. For example, in an alter 
native embodiment, the memory components may be com 
bined with processor components to save cost and improve 
performance. 

Additionally, although FIG. 2 illustrates two memory com 
ponents-memory component 230 comprising several mod 
ules and a separate memory 205 comprising a working 
memory—one with skill in the art would recognize several 
embodiments utilizing different memory architectures. For 
example, a design may utilize ROM or static RAM memory 
for the storage of processor instructions implementing the 
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8 
modules contained in memory 230. Alternatively, processor 
instructions may be read at System startup from a disk storage 
device that is integrated into system 200 or connected via an 
external device port. The processor instructions may then be 
loaded into RAM to facilitate execution by the processor. For 
example, working memory 205 may be a RAM memory, with 
instructions loaded into working memory 205 before execu 
tion by the processor 220. 

FIG.3 illustrates a schematic block diagram of an embodi 
ment of a dynamic color shading corrector 240. The dynamic 
color shading corrector 240 includes a preliminary correction 
module 305, a color shading estimation module 310, a table 
updating module 315, and a color shading correction module 
320. Although discussed within the context of the image 
capture system 200, dynamic color shading corrector 240 can 
be implemented in other image capture systems suitable for 
color shading correction. 

In an embodiment, the preliminary correction module 305 
receives image data and scene Statistics 330. The scene sta 
tistics can be a down-sampled version of the captured image, 
and in some embodiments can be a combination of four 
per-channel images for each Bayer channel—R. Gr, Gb, and 
B of the captured image. In one embodiment, the dynamic 
color shading corrector 240 can receive only image data 
including a captured image, and can additionally include a 
scene statistics module (not illustrated) to generate scene 
statistics from the captured image. In some embodiments, the 
preliminary correction module 305 can be programmed to 
generate the scene statistics from image data of a captured 
image. 
The preliminary correction module 305 can use a pre 

calibrated reference table to correct at least some of the color 
shading in the scene statistics, where the pre-calibrated ref 
erence table is calculated on a reference image capture device 
capturing an image of a flat field under known illuminants. 
The pre-calibrated reference table can be stored in the cor 
rection table data repository 325. In some embodiments, 
shading correction is performed in the Bayer image domain, 
and the table can include four sub-tables each associated with 
the one of the four Bayer channels. The correction may be 
performed by multiplying the per-channel sub-table of the 
reference table with the per-channel scene statistics for each 
Bayer channel. 
The preliminarily corrected Scene statistics can be sent to 

the color shading estimation module 310. The color shading 
estimation module 310 can be configured with instructions 
that determine a color shading component from the corrected 
scene statistics. For example, RGB corrected scene statistics 
can be transformed into hue components, and the color shad 
ing component can be estimated from the hue components. 
The hue components, for instance, can represent a linear 
combination in the logarithmic domain of a color shading 
component, representing the color shading gradient of the 
captured image, and an intrinsic color component, represent 
ing the true hue content of the captured image scene. The 
color shading estimation module 310 can recover the color 
shading component for a captured image. In embodiments 
correcting color shading in video images, the color shading 
estimation module 310 can recover the color shading compo 
nent for Some or each frame in the video image sequence. In 
Some embodiments, two hue channels may be used, and two 
color shading components can be recovered. 
The table updating module 315 can receive data represent 

ing the color shading component or components from the 
color shading estimation module 310 and use the color shad 
ing components to dynamically update the pre-calibrated ref 
erence table to yield optimal color correction for the captured 
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image. For a video sequence of images, the table can be 
dynamically updated for optimal correction for each frame in 
the video sequence based on the color shading components of 
each frame. For example, in an embodiment, two color shad 
ing components may each correspond to one of a red hue 
channel and a bluehue channel. To update the reference table, 
the table updating module 315 can divide the sub-table cor 
responding to the blue channel by the blue color shading 
component and can divide the Sub-table corresponding to the 
red channel by the red color shading component. The updated 
correction table can be stored in the correction table data 
repository 325. 
The updated correction table can be output to the color 

shading correction module 320 along with the captured image 
data. The color shading correction module 320 can use the 
updated correction table to correct color shading in the cap 
tured image. This correction may be performed separately for 
each bayer channel by an element-wise multiplication of the 
per-channel reference table with the per-channel Scene statis 
tics. 

Although the dynamic color shading corrector 240 is dis 
cussed in the context of the system 200 of FIG. 2, it can be 
implemented on its own or in any system Suitable for color 
shading correction. 
Overview of Example Color Shading Processes 

Turning now to FIG.4, one embodiment of a dynamic color 
shading correction (DCSC) process 400 is described in more 
detail. The process 400 may be implemented in an image 
capture device Such as a camera that takes still photographs or 
in a video camera that captures a sequence of image frames. 
The process 400 may be implemented on a computing sys 
tem, for example including a processor, integrated into the 
image capture device, or may be implemented on a separate 
computing device which receives image data from the image 
capture device. The process 400 may be used to correct color 
shading in images captured by digital image capture devices 
Such as digital cameras, mobile phone cameras, web cameras, 
tablet computer cameras, and gaming console cameras, to 
name a few examples. The process 400 may provide advan 
tages in particular for compact cameras with wide fields of 
V1eW. 

At block 405, the DCSC method is provided with a single 
pre-calibrated color shading correction table for a reference 
image sensor under one illuminant. The single color shading 
correction table, referred to herein as the reference table T', 
may be calibrated on a reference image capture device under 
a typical illumination of a flat field. The DCSC process 400 
may be performed in the Bayer-image domain, and accord 
ingly a shading correction table may include four sub-tables, 
each sub-table associated with one of the four bayer domains 
R, Gr, Gb, and B. 

Next, at block 410, image data is received, the image data 
comprising scene statistics of a captured image. Scene statis 
tics, as used herein, refers to a down-sampled version of the 
captured image. In an embodiment, Bayer-image statistics X 
can be denoted as a combination of four per-channel images 
XeR"", XeR"*", XeR"", and XeR"". Since color 
shading may vary very gradually in the spatial domain, it may 
be sufficient to base the estimate of the color shading profile 
on the scene Statistics rather than on the full-resolution cap 
tured image, significantly reducing the computational com 
plexity of the process. The image statistics may be captured at 
a higher spatial resolution than the correction tables in some 
embodiments, and in other embodiments the image statistics 
and correction tables may be the same resolution. 
The process 400 then moves to step 415 in which the 

reference table is used to correct the image statistics. In some 
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10 
embodiments, this correction may be performed separately 
for each bayer channel by an element-wise multiplication of 
the per-channel reference table with the per-channel scene 
statistics. 
At block 420, the process 400 estimates the color shading 

in the image statistics corrected by the reference table. A color 
shading estimation technique may be used to separate out a 
slow-varying shading function from the actual image content. 
In some embodiments, the corrected Scene Statistics in the 
RGB bayer domain may be transformed into hue compo 
nents. The corrected scene statistics may be transformed into 
hue components H1 and H2 using the following transforma 
tions: 

(1) 

where the division operations in the above set of equations are 
performed element-wise. Each hue channel represents a lin 
ear combination (in logarithmic domain) of a color shading 
component and an intrinsic (actual) color component repre 
senting true hue content of the scene. The color shading 
estimation may recover the shading components from the 
observed hue components for the image captured. 

In some embodiments, a single-channel color shading esti 
mation may be performed. The color shading may be a 
Smooth function of the incident angle of light arriving at the 
image sensor. Since the pre-calibrated reference table is also 
Smooth spatially, the color shading left over after correcting 
the scene statistics with the reference table may also be a 
slow-varying signal. Therefore, the shading component S 
may be a Smooth mask with dense and Small gradients. On the 
other hand, the intrinsic color component I of the scene sta 
tistics may be a piece-wise Smooth pattern which contains a 
Small number of non-Zero gradients. Accordingly, we can 
recover the two additive components S and I from the 
observed hue H by minimizing the number of non-zero gra 
dients in I and the magnitude of gradients in S. In an embodi 
ment, the measure of gradient sparsity on a two-dimensional 
(2D) map ZeRm n, i.e., the number of non-zero gradient 
components, can be defined as follows: 

where it { } is the counting operator and D, Z. |D, Z: DZ) 
denotes the 2D partial gradients of Z at location i (note: D. 
and DeR*). 

Given the hue channel H, the color shading can recover the 
color shading component S and intrinsic color component I 
by performing the following minimization: 

min M(s) + ACI), st. S + 1 = H, (3) 

where w is a weight parameter directly controlling the signifi 
cance of the gradient sparsity of I and M (S) AX,(D, 
S)°+(DS)? denotes the Sum-of-the-Squares-of-Gradient 
Magnitudes (SSGM) on S. Accordingly, some embodiments 
of the color shading estimation enforce the smoothness of S 
by minimizing its squared gradient magnitudes, while seek 
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ing the piecewise Smoothness (or gradient sparsity) of I by 
minimizing the number of its non-Zero gradient components. 

In another implementation of the color shading estimation, 
the sparsity measure C(I) can be replaced by tis two different 
variants C(I) and C(I), which respectively define the spar 
sity of I in the gradient-magnitude and partial-gradient 
domains: 

- 2 - 2 

CI())) l (D, 1) + (D.I) 

C.(I)AX|D, II, +ID, III. 
i 

(4) 

O 

where denotes the lo-norm. 
Accordingly, in Some embodiments the two additive com 

ponents—the shading component and the intrinsic color com 
ponent may be recovered from the observed hue by mini 
mizing the number of non-zero gradients in the intrinsic color 
component and the magnitude of gradients in the shading 
component. Some embodiments may be calculated through 
an iterative process, and to reduce latency other embodiments 
may be calculated through a single iteration. For example, to 
calculate color shading correction tables in real time for some 
or all frames in a video sequence, the color shading may be 
estimated through a single iteration in order to reduce run 
time. 

In other embodiments, a joint-channel color shading esti 
mation may be performed to recover the R/G and B/G com 
ponents of color shading from two observed hue channels in 
a joint manner. Such joint-channel color shading estimation 
may be calculated based on the fact that the intrinsic color 
components often contain non-Zero gradients at the same 
locations. In one embodiment, the separate-channel color 
shading estimation framework described above can be 
extended to recover the R/G and B/G components of color 
shading from the two observed hue channels in a joint man 
ner. The notation H, S and I, (where i=1,2), respectively, is 
used to refer to the observed hue, color shading, and intrinsic 
image color in the R/G and B/G channels. The joint-channel 
color shading estimation can take advantage of the fact that 
the intrinsic color components I and I often contain non 
Zero gradients at the same locations. Given the observed hue 
channels H and H2, the joint-channel color shading estima 
tion technique recovers its intrinsic component (I, I) and 
color shading component (S,S) by 

(5) min S.S2,1,2 M(S1) + M. (S2) + C(11:12), 

S.t. S1 + 1 = H, S2 + 2 = H2. 

where II:IleR"*" denotes a 3D cube consisting of two 2D 
layers I and I. The gradient sparsity measures for joint 
channel color shading estimation are denoted as: 

2 

C (1:2) = X. I X (D, it (D.I.) 
i i=l 

(6) 
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-continued 

2 

C2 (11:12) X X |Dill, -- |Dyil. 

Next, at block 425, the process 400 dynamically updates 
the reference table. After the shading components S1 and S2 
have been estimated, the reference table may be dynamically 
updated to yield the correction table optimal for correcting 
the image. In a video sequence consisting of a sequence of 
image frames, the correction table may be calculated for each 
of the t-th frame in the video sequence, where t denotes the 
time of the captured frame. In some embodiments of the 
DCSC process 400 for color shading correction in a video 
sequence, the table may be updated according to the follow 
ing set of equations, where the division operations may be 
performed element-wise: 

T = T (7) 
R - S 

T = T, 
Th = T2, 

T 
Ti, = , S. 

At block 430, the process 400 uses the updated reference 
table to correct color shading in the captured image. Accord 
ingly, the DCSC process 400 does not require costly per-unit 
calibration and is robust to module-to-module variations. In 
addition, the DCSC process 400 neither assumes that the 
illuminant associated with the captured image is included in 
the pre-calibration, nor relies on a white balance algorithm to 
give an accurate detection of the scene illuminant. 

FIG. 5 illustrates an embodiment of a color shading esti 
mation process 500. Some implementations of process 500 
can take place at block 420 of FIG. 4. However, the color 
shading estimation process 500 can be implemented alone or 
as a part of any technique Suitable for color shading estima 
tion or correction. Further, though discussed in the context of 
the color shading estimation module 310, this is for illustra 
tive purposes and the process 500 can be executed by any 
system suitable for color shading estimation. 
The process 500 begins at optional block 505 in which the 

color shading estimation module 310 determines the allow 
able latency for the process 500. For example, the color shad 
ing estimation module 310 may determine whether the input 
image data is a video sequence of images being corrected in 
real time, corresponding to a low amount of allowable 
latency. In other color shading estimation applications, for 
example for a still image, the amount of allowable latency 
may be higher. For example, in an implementation having 
scene statistics of the resolution32x16, an embodiment of the 
iterative Sub-process can take somewhere in the range of 
approximately 200 mx to approximately 300 ms, which can 
be considered a large latency for real-time applications of 
dynamic color shading correction. Such latency can result in 
a shading correction table computed using stats of the current 
frame being applied to a later frame (in a video sequence), 
whose scene statistics might not well match with the current 
frame. This can result in undesirable color tint artifacts called 
trailing color tint, which is very severe in a rapidly changing 
scene. Accordingly, at optional decision block 510, the color 
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shading estimation module 310 determines whether to 
execute an iterative or aggressive color shading estimation 
Sub-process. 

In some embodiments, the iterative Sub-process can 
require tens of iterations to converge, causing latency in 
dynamic color shading correction, while the aggressive Sun 
process can obtain a valid solution after only one iteration. 
The iterative color shading estimation process can be 
executed for higher quality results in circumstances associ 
ated with higher allowable amounts of latency, greater pro 
cessing capabilities, or for joint-channel color shading esti 
mation, in Some implementations. The aggressive color 
shading estimation process can be executed in circumstances 
associated with lower allowable amounts of latency or in 
systems with lower processing capabilities, in Some imple 
mentations. In some embodiments, optional blocks 505 and 
510 can be bypassed and the color shading estimation module 
310 can be configured to perform one of the iterative and 
aggressive color shading estimation Sub-processes. 
The iterative color shading estimation Sub-process begins 

at block 530 in which the color shading estimation module 
310 obtains the hue component or components from scene 
statistics representing a captured image. Next, at block 535, 
the color shading estimation module 310 initializes an itera 
tive problem of solving for the color shading component and 
the intrinsic color shading component, for example as defined 
above in Eq. (3). For example, Some embodiments can apply 
an augmented Lagrangian method by introducing a 
Lagrangian multiplier YeR'' and an over-regularization 
parameter B to transform the equality constraint of Eq. (3) 
into the augmented Lagrangian function as follows: 

f(S, I, Y) = |D, SI; +|D, SI+AC(I) (8) 
T p3 2 

--Y (S+ 1 - H) + IS + 1 - HI5, 

where DeR"*" is generated by concatenating D, 
1sisMN along the vertical direction and De 1S gen 
erated in a similar way. By introducing the auxiliary gradient 
parameters G, and G, where G, D, I and G, D, I, the gradi 
ent sparsity measures can be reformulated as: 

C (G. G.) =XIV(G,t) + (G.I. (9) 

which can be simplified using an operator splitting technique 
as follows: 

|S+ 1 - HIS. 

The simplified augmented Lagrangian function can be 
minimized by iterating between the following two steps: 

Solve S',G,'..G.' I' by min C (S.G.G.I.Y). (11) 
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Update re-Y-p(S*--I'l-H). (12) 

Each iteration requires an exact minimization of the aug 
mented Lagrangian function over four parameters S. G, G, 
and I, which is computationally expensive. Fortunately, these 
four parameters can be separated into two groups: (1) S. G., 
G, and (2) I, such that there is a closed form solution to the 
minimization of the augmented Lagrangian function over one 
group of parameters when the other group is fixed. Thus, 
Some embodiments apply the alternating direction method to 
minimize ? (S, G, G, I), which iterates between optimizing 
S.G, G, with I fixed and optimizing I with S fixed. Given the 
Lagragian multiplier Y is updated at a sufficient rate, we can 
relax the exact minimization of ? (S, I, Y) as one round of 
alternating optimization over two groups of parameters. 

Accordingly, at block 540, the color shading estimation 
module 310 can separately optimize the color shading com 
ponent Sand partial gradient parameters G, and G, as defined 
in Eq. (11) with the intrinsic color component I and 
Lagrangian multiplier Y fixed. In some embodiments, given 
the initialized values I and Y, the color shading component 
S can be optimized by minimizing: 

yk 2 (13) 
S+ i + -- H 

2 

and the partial gradients G, and G, can be optimized by 
minimizing: 

p3 p3 

At block 545, the color shading estimation module 310 can 
recover I with S', G"', Girl, Y* fixed according to Eq. 
(11). In some embodiments, given updated G,', G', and 
S'', the intrinsic color component I can be recovered by 
minimizing: 

yk 
S' + 1 + -- H p3 

k+12 k+12 2 (15) 
£, (I) = |D, I – G." II, +IID, I – G"I, + 

2 

At block 550, the color shading estimation module 310 can 
update Y according to Eq. (12). At decision block 555, the 
color shading estimation module 310 can determine whether 
Sand I have converged. If S and I have not converged, then the 
process 500 loops back to block 540 to perform another 
iteration of optimization of Eq. (11) and Eq. (12). If S and I 
have converged, then the process 500 transitions to block 560 
to output the color shading component S, for example for 
color shading correction. 
The aggressive color shading estimation Sub-process 

begins at block 515 in which the color shading estimation 
module 310 obtains the hue component or components from 
scene statistics representing a captured image. Typically, the 
intrinsic color component I has much larger gradient magni 
tudes than the color shading component S. This indicates that 
a roughly correct estimate of color shading can be obtained in 
most cases without tens of iterations between the piecewise 
Smoothness enforcement on I and the Smooth filtering on I. 
Accordingly, at block 520, the color shading estimation mod 
ule 310 directly detects the partial gradients of the color 
shading component S from those of the hue channel Haccord 
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ing to their values. In one embodiment, given the observed 
hue channel H, the partial gradients (G, G,) of the color 
shading component S can be jointly recovered as: 

a la (D, H. DH) if (DH) + (DH)'s . (16) 
(G,i, Gyi)= x x x x f3, 

(0,0) else 

or can be separately recovered as: 

(17) 
p3 

2 | if (DH) is 
O else 

if (DH)’s G, { D yi H i 
O else 

This assumes that the partial gradients of the color shading 
component should be of Small magnitude, which is not 
always true at the image boundary. Accordingly, in some 
implementations, the partial gradients at the bottom boundary 
and the right boundary can be recovered as follows: 

' (18) 
D.m.; H if ID, HI<X G.I. 

r i= 

Ganj = in-l 

Gyi, else 
i=l 

2-1 

Dyir H if Dyin H 3 X Gyi 
r i=l 

Gyin = 
Gyi, else 

i=l 

where (G, G,) denote the partial gradients of S at loca 
tion (i,j). 

At block 520, the color shading estimation module 310 
reconstructs the color shading component using the detected 
partial gradients. In some embodiments, given the recovered 
partial gradients (G, G,), the intrinsic component S can be 
recovered by two sequential steps, as shown by Eq. (19) and 
Eq. (20): 

r r 19 DG, + DG, (19) S – fl. 

S = S - mean (S) (20) 

where t is set as a very small constant (e.g., 10') and the 
recovered color shading component S is shifted Such that its 
mean is zero, and where F and denote Fourier and 
inverse Fourier transforms, respectively. Next, the process 
500 transitions to block 525 to output the color shading com 
ponent S, for example for color shading correction. 

CONCLUSION 

The framework for dynamic color shading correction 
(DCSC) described herein can estimate the color shading on 
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the fly from the scene statistics of a captured image and use 
the estimated shading for color shading correction. At the 
core of the DCSC framework is a color shading estimation 
method that separates out the color shading component from 
the actual image content by its unique characteristic in the 
gradient domain. An iterative color shading estimation pro 
cess can solve this problem by applying the alternating direc 
tion. An aggressive color shading estimation process can be 
used to reduce the running time of the color shading estima 
tion to be less than approximately 10 ms in some embodi 
ments, which enables the DCSC to handle a dynamic scene. 
Experimental results and a real implementation on the sample 
device showed (1) the effectiveness of the DCSC in removing 
the color shading artifact under a variety of illuminants, and 
(2) that the DCSC is highly desirable in the current image 
sensor pipeline, due to the limit of the pre-calibration based 
method of color shading correction. 

TERMINOLOGY 

The technology is operational with numerous other general 
purpose or special purpose computing system environments 
or configurations. Examples of well-known computing sys 
tems, environments, and/or configurations that may be suit 
able for use with the invention include, but are not limited to, 
personal computers, server computers, hand-held or laptop 
devices, multiprocessor Systems, processor-based systems, 
programmable consumer electronics, network PCs, mini 
computers, mainframe computers, distributed computing 
environments that include any of the above systems or 
devices, and the like. 
As used herein, instructions refer to computer-imple 

mented steps for processing information in the system. 
Instructions can be implemented in Software, firmware or 
hardware and include any type of programmed step under 
taken by components of the system. 
A processor may be any conventional general purpose 

single- or multi-chip processor Such as a QualcommR) pro 
cessor, a Pentium(R) processor, a Pentium(R) Pro processor, a 
8051 processor, a MIPSR) processor, a PowerPC(R) processor, 
oran Alpha R processor. In addition, the processor may be any 
conventional special purpose processor Such as a digital sig 
nal processor or a graphics processor. The processor typically 
has conventional address lines, conventional data lines, and 
one or more conventional control lines. 
The system is comprised of various modules as discussed 

in detail. As can be appreciated by one of ordinary skill in the 
art, each of the modules comprises various Subroutines, pro 
cedures, definitional statements and macros. Each of the 
modules are typically separately compiled and linked into a 
single executable program. Therefore, the description of each 
of the modules is used for convenience to describe the func 
tionality of the preferred system. Thus, the processes that are 
undergone by each of the modules may be arbitrarily redis 
tributed to one of the other modules, combined together in a 
single module, or made available in, for example, a shareable 
dynamic link library. 
The system may be used in connection with various oper 

ating systems such as Linux R, UNIX(R) or Microsoft Win 
dowS(R). The system may be written in any conventional pro 
gramming language Such as C, C++, BASIC, Pascal, or Java, 
and ran under a conventional operating system. C, C++, 
BASIC, Pascal, Java, and FORTRAN are industry standard 
programming languages for which many commercial com 
pilers can be used to create executable code. The system may 
also be written using interpreted languages such as Perl, 
Python or Ruby. 
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Those of skill will further appreciate that the various illus 
trative logical blocks, modules, circuits, and algorithm steps 
described in connection with the embodiments disclosed 
herein may be implemented as electronic hardware, computer 
software, or combinations of both. To clearly illustrate this 
interchangeability of hardware and Software, various illustra 
tive components, blocks, modules, circuits, and steps have 
been described above generally in terms of their functionality. 
Whether such functionality is implemented as hardware or 
Software depends upon the particular application and design 
constraints imposed on the overall system. Skilled artisans 
may implement the described functionality in varying ways 
for each particular application, but such implementation deci 
sions should not be interpreted as causing a departure from 
the scope of the present disclosure. 

The various illustrative logical blocks, modules, and cir 
cuits described in connection with the embodiments dis 
closed herein may be implemented or performed with a gen 
eral purpose processor, a digital signal processor (DSP), an 
application specific integrated circuit (ASIC), a field pro 
grammable gate array (FPGA) or other programmable logic 
device, discrete gate or transistor logic, discrete hardware 
components, or any combination thereof designed to perform 
the functions described herein. A general purpose processor 
may be a microprocessor, but in the alternative, the processor 
may be any conventional processor, controller, microcontrol 
ler, or state machine. A processor may also be implemented as 
a combination of computing devices, e.g., a combination of a 
DSP and a microprocessor, a plurality of microprocessors, 
one or more microprocessors in conjunction with a DSP core, 
or any other Such configuration. 

In one or more example embodiments, the functions and 
methods described may be implemented in hardware, soft 
ware, or firmware executed on a processor, or any combina 
tion thereof. If implemented in software, the functions may be 
stored on or transmitted over as one or more instructions or 
code on a computer-readable medium. Computer-readable 
media include both computer storage media and communi 
cation media including any medium that facilitates transfer of 
a computer program from one place to another. A storage 
medium may be any available media that can be accessed by 
a computer. By way of example, and not limitation, Such 
computer-readable media can comprise RAM, ROM, 
EEPROM, CD-ROM or other optical disk storage, magnetic 
disk storage or other magnetic storage devices, or any other 
medium that can be used to carry or store desired program 
code in the form of instructions or data structures and that can 
be accessed by a computer. Also, any connection is properly 
termed a computer-readable medium. For example, if the 
software is transmitted from a web site, server, or other 
remote source using a coaxial cable, fiber optic cable, twisted 
pair, digital subscriber line (DSL), or wireless technologies 
Such as infrared, radio, and microwave, then the coaxial cable, 
fiber optic cable, twisted pair, DSL, or wireless technologies 
Such as infrared, radio, and microwave are included in the 
definition of medium. Disk and disc, as used herein, includes 
compact disc (CD), laser disc, optical disc, digital versatile 
disc (DVD), floppy disk and Blu-ray disc where disks usually 
reproduce data magnetically, while discs reproduce data opti 
cally with lasers. Combinations of the above should also be 
included within the scope of computer-readable media. 
The foregoing description details certain embodiments of 

the systems, devices, and methods disclosed herein. It will be 
appreciated, however, that no matter how detailed the fore 
going appears in text, the systems, devices, and methods can 
be practiced in many ways. AS is also stated above, it should 
be noted that the use of particular terminology when describ 
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ing certain features or aspects of the invention should not be 
taken to imply that the terminology is being re-defined herein 
to be restricted to including any specific characteristics of the 
features or aspects of the technology with which that termi 
nology is associated. 

It will be appreciated by those skilled in the art that various 
modifications and changes may be made without departing 
from the scope of the described technology. Such modifica 
tions and changes are intended to fall within the scope of the 
embodiments. It will also be appreciated by those of skill in 
the art that parts included in one embodiment are interchange 
able with other embodiments; one or more parts from a 
depicted embodiment can be included with other depicted 
embodiments in any combination. For example, any of the 
various components described herein and/or depicted in the 
Figures may be combined, interchanged or excluded from 
other embodiments. 

With respect to the use of substantially any plural and/or 
singular terms herein, those having skill in the art can trans 
late from the plural to the singular and/or from the singular to 
the plural as is appropriate to the context and/or application. 
The various singular/plural permutations may be expressly 
set forth herein for sake of clarity. 

It will be understood by those within the art that, in general, 
terms used herein are generally intended as "open terms 
(e.g., the term “including should be interpreted as “including 
but not limited to the term “having should be interpreted as 
“having at least, the term “includes should be interpreted as 
“includes but is not limited to, etc.). It will be further under 
stood by those within the art that if a specific number of an 
introduced claim recitation is intended, such an intent will be 
explicitly recited in the claim, and in the absence of such 
recitation no such intent is present. For example, as an aid to 
understanding, the following appended claims may contain 
usage of the introductory phrases “at least one' and “one or 
more' to introduce claim recitations. However, the use of 
Such phrases should not be construed to imply that the intro 
duction of a claim recitation by the indefinite articles “a” or 
“an limits any particular claim containing such introduced 
claim recitation to embodiments containing only one Such 
recitation, even when the same claim includes the introduc 
tory phrases “one or more' or “at least one' and indefinite 
articles such as “a” or “an” (e.g., “a” and/or “an should 
typically be interpreted to mean “at least one' or “one or 
more'); the same holds true for the use of definite articles 
used to introduce claim recitations. In addition, even if a 
specific number of an introduced claim recitation is explicitly 
recited, those skilled in the art will recognize that such reci 
tation should typically be interpreted to mean at least the 
recited number (e.g., the bare recitation of “two recitations.” 
without other modifiers, typically means at least two recita 
tions, or two or more recitations). Furthermore, in those 
instances where a convention analogous to “at least one of A, 
B, and C, etc. is used, in general Such a construction is 
intended in the sense one having skill in the art would under 
stand the convention (e.g., “a system having at least one of A, 
B, and C would include but not be limited to systems that 
have A alone, B alone, C alone, A and B together, A and C 
together, B and C together, and/or A, B, and C together, etc.). 
In those instances where a convention analogous to “at least 
one of A, B, or C, etc. is used, in general Such a construction 
is intended in the sense one having skill in the art would 
understand the convention (e.g., “a system having at least one 
of A, B, or C would include but not be limited to systems that 
have A alone, B alone, C alone, A and B together, A and C 
together, B and C together, and/or A, B, and C together, etc.). 
It will be further understood by those within the art that 
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virtually any disjunctive word and/or phrase presenting two 
or more alternative terms, whether in the description, claims, 
or drawings, should be understood to contemplate the possi 
bilities of including one of the terms, either of the terms, or 
both terms. For example, the phrase “A or B will be under 
stood to include the possibilities of “A” or “B” or “A and B.” 

While various aspects and embodiments have been dis 
closed herein, other aspects and embodiments will be appar 
ent to those skilled in the art. The various aspects and embodi 
ments disclosed herein are for purposes of illustration and are 
not intended to be limiting. 

What is claimed is: 
1. A method in an electronic device for correcting color 

shading artifacts in a captured image, the method comprising: 
receiving image data comprising the captured image and 

Scene statistics, the scene statistics comprising a down 
sampled version of the captured image; 

accessing a reference table, wherein the reference table 
comprises shading correction data calibrated under a 
typical illumination; 

correcting color shading in the scene statistics using the 
reference table; 

estimating color shading in the corrected Scene statistics; 
updating the reference table based on the estimated color 

shading; and 
correcting color shading in the captured image using the 

updated reference table. 
2. The method of claim 1, wherein estimating color shading 

comprises separating a first color shading component from an 
intrinsic color component, wherein the intrinsic color com 
ponent represents the true hue content of the captured image. 

3. The method of claim 2, wherein estimating color shading 
further comprises transforming the scene statistics into at 
least one hue channel and estimating the first color shading 
component from the at least one hue channel. 

4. The method of claim 2, further comprising separating a 
second color shading component from the intrinsic color 
component. 

5. The method of claim 4, wherein the first color shading 
component is estimated from a R/G hue channel and wherein 
the second color shading component is estimated from a B/G 
hue channel. 

6. The method of claim 1, wherein estimating color shading 
is performed using an iterative color shading estimation pro 
CCSS, 

7. The method of claim 6, wherein the iterative color shad 
ing estimation process alternately solves for a value of a color 
shading component using a fixed intrinsic color component 
value, wherein the intrinsic color component represents the 
true hue content of the captured image, and for a value of the 
intrinsic color component using a fixed color shading com 
ponent value until the value of the color shading component 
and the value of the intrinsic color component converge. 

8. The method of claim 7, wherein alternately solving for 
the value of the color shading component and the value of the 
intrinsic color component comprises using an augmented 
Lagrangian function. 

9. The method of claim 7, further comprising solving for a 
plurality of partial gradients. 

10. The method of claim 1, wherein estimating color shad 
ing is performed using an aggressive color shading estimation 
process. 

11. The method of claim 10, wherein the aggressive color 
shading estimation process comprises detecting a plurality of 
partial gradients of a color shading component directly from 
at least one hue component of the scene statistics. 
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12. The method of claim 11, wherein the aggressive color 

shading estimation process further comprises reconstructing 
the color shading component from the plurality of partial 
gradients. 

13. The method of claim 1, wherein the image data com 
prises a video sequence comprising a plurality of image 
frames. 

14. The method of claim 13, further comprising: 
estimating color shading in each of the plurality of image 

frames; 
generating an updated reference table for each of the plu 

rality of image frames; and 
correcting color shading in each of the plurality of image 

frames. 
15. The method of claim 14, wherein the color shading 

artifacts in the plurality of image frames in the video sequence 
are corrected in real time. 

16. The method of claim 1, wherein the reference table 
comprises a plurality of sub-tables, wherein each of the plu 
rality of sub-tables is associated with one of a plurality of 
Bayer channels. 

17. A dynamic color shading correction apparatus, com 
prising: 

a correction table data repository configured to store a 
reference table, wherein the reference table comprises 
shading correction data calibrated on a reference module 
under a typical illumination; and 

a processor configured to 
receive image data comprising a captured image and scene 
statistics, the scene statistics comprising a downsampled Ver 
sion of the captured image, and to perform preliminary color 
shading correction on the scene statistics using the reference 
table; 

estimate color shading in the scene statistics; 
generate an updated table from the reference table and the 

estimated color shading; and 
correct color shading artifacts in the image data using the 

updated table. 
18. The dynamic color shading correction apparatus of 

claim 17, wherein the correction table data repository is fur 
ther configured to store a plurality of sub-tables of the refer 
ence table, wherein each of the plurality of sub-tables is 
associated with one of a plurality of Bayer channels. 

19. The dynamic color shading correction apparatus of 
claim 18, wherein the processor is further configured to esti 
mate color shading in at least one of the plurality of Bayer 
channels in the scene statistics. 

20. The dynamic color shading correction apparatus of 
claim 19, wherein processor is configured to update the plu 
rality of Sub-tables using a corresponding estimated color 
shading in the at least one of the plurality of Bayer channels. 

21. The dynamic color shading correction apparatus of 
claim 17, wherein the processor is further configured to per 
form an iterative color shading estimation process. 

22. The dynamic color shading correction apparatus of 
claim 17, wherein the color shading estimation module is 
configured to performan aggressive color shading estimation 
process. 

23. The dynamic color shading correction apparatus of 
claim 17, further comprising an image sensor associated with 
a filter. 

24. The dynamic color shading correction apparatus of 
claim 23, wherein the filter is a reflective infrared cut-off 
filter. 

25. The dynamic color shading correction apparatus of 
claim 24, wherein the image sensor comprises a center region 
and a plurality of edge regions, and different spectra of inci 
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dent light passing through the infrared cut-off filter to the 
image sensor are transmitted to the center region and the 
plurality of edge regions. 

26. An iterative color shading estimation process compris 
ing: 

obtaining a plurality of hue components from Scene statis 
tics of a captured image, wherein the scene Statistics 
represent a downsampled version of the captured image: 

initializing an iterative problem of solving for a color shad 
ing component value and an intrinsic color component 
value, the color shading component representing a gra 
dient of variation in color response across the captured 
image, the intrinsic color component representing a hue 
content of a scene represented by the captured image: 

performing a first iteration of the iterative problem; 
determining whether the color shading component value 

and the intrinsic color component value have converged; 
and 
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if the color shading component value and the intrinsic color 

component value have not converged, performing an 
additional iteration of the iterative problem, and, if the 
color shading component value and the intrinsic color 
component value have converged, outputting the color 
shading component. 

27. The iterative color shading estimation process of claim 
26, wherein performing a first iteration of the iterative prob 
lem comprises solving for the color shading component value 
using a fixed intrinsic color component value. 

28. The iterative color shading estimation process of claim 
27, wherein performing a first iteration of the iterative prob 
lem further comprises solving for the intrinsic color compo 
nent value using a fixed color shading component value. 

29. The iterative color shading estimation process of claim 
27, wherein performing a first iteration of the iterative prob 
lem further comprises solving for a plurality of partial gradi 
ent values using the fixed intrinsic color component value. 

k k k k k 


