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7) ABSTRACT

Rather than storing a table within a digital camera or other
optical device of defective pixels within its image sensor,
defective pixels are dynamically identified by comparing the
output values of individual pixels under test with those of
neighboring pixels. If the neighbors are all above or below
the pixel under test by a defined threshold amount, the
output of the pixel under test is replaced with a value
calculated from the outputs of neighboring pixels.
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DYNAMIC IDENTIFICATION AND CORRECTION
OF DEFECTIVE PIXELS

FIELD OF THE INVENTION

[0001] This invention relates generally to image sensors
having a two-dimensional array of photo-detector pixel
elements, and, more specifically, to techniques for identify-
ing individual defective pixels and generating signals in
place of those of the defective pixels.

BACKGROUND

[0002] Image sensors with an increasing number of image
sensing photo-detector elements are being used in digital
cameras designed to be sold in large quantities to consumers.
Although such cameras most commonly utilize sensors
having from 2 to 4 megapixels at the present time, it is not
uncommon to find digital cameras available that employ
image sensors as large as large as 5 to 6 megapixels. And this
number will likely increase in the future. Normally, not all
the light sensing elements in these sensors work correctly;
some are defective. Defective light sensing elements do not
react to light properly, and thus distort a resulting image. In
some cases, one or more light sensing elements may always
produce an output, even though light is not present. In other
cases, a few may produce no light output even when very
bright light impinges on their surface. The result can be a
visible bright or dark spot in the captured image, respec-
tively. In a third case, a light output is produced which is
responsive to the light impinging on a sensor’s surface, but
this output is not correctly related to the light falling on the
sensor. These pinpoint imperfections may be isolated or
found in clusters. Since each pixel in the usual sensor
captures information associated with different colors of the
scene being photographed, these defective pixels are often
visualized as pixels of the wrong color, not just pixels which
are too light or too dark.

[0003] A great deal of time and cost is expended in sorting
out image sensors with these imperfections. In order to be
able to use as many of these partially defective sensors as
possible, electronic defective pixel correction techniques are
used. Such techniques employ a predefined list of locations
which identify where the defective pixels are located in the
sensor. The locations of these defective pixels are obtained
by using a time consuming calibration procedure on each
sensor. This procedure usually employs measuring the signal
output of the sensor pixels with a black and then a white
image incident on the sensor. For the black image, all light
is blocked from the sensor and pixels with a higher output
above a set threshold are identified as defective. Similarly,
for the white image, a uniform illumination field is allowed
to fall onto the sensor in order to identify any defective
pixels that generate a lower output signal above a specified
threshold. Any such pixels are considered “exceptional” and
are included in a defective pixel list for each sensor that is
tested. The list includes the locations in the array of the
defective pixels.

[0004] When such a calibrated image sensor is installed in
a digital camera or other host device, its defective pixel list
is loaded into a memory of the digital camera in the form of
a look-up table. During image processing, the digital cam-
era’s processor searches this lookup table to determine if a
particular pixel is defective and therefore needs to be cor-
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rected. This correction usually takes the form of replacing
the output from a defective pixel with a simple average of
the outputs of good pixels adjacent to the defective pixel. As
the number of pixels in a sensor becomes larger, the size of
the memory necessary to store the look-up table increases as
well as the time required to do the look-up and then calculate
the average of the adjacent pixels.

SUMMARY OF THE INVENTION

[0005] Rather than identifying defective pixels one time
during calibration of a sensor, the defective pixels are
identified in real time as the sensor is being used in a digital
camera or other host device, after the sensor has been
installed into the device. This eliminates the need for the
significant amount of memory capacity that is necessary to
store a defective pixel table, thereby reducing the complex-
ity and cost of the device. A time-consuming and costly
calibration process to define locations of defective pixels is
also eliminated. Further, since correction of defective pixels
is not restricted to static defective pixel information, pixels
that become defective after the sensor is installed into a host
device are automatically identified and corrected. This over-
comes an effect of sensor aging when individual pixels
become defective over time. Processing to identify and
correct defective pixels takes place while an image field
projected onto the sensor is being captured by the digital
camera or other device, and may be performed during the
capture of every image.

[0006] According to one specific aspect of the present
invention, the individual pixels of the sensor are tested
rapidly one-at-a-time while the sensor is exposed to an
image field having intensity and color variations across it
such as occur in a normal photograph. The outputs of each
given pixel under test and of neighboring pixels around it are
measured. An early processing step calculates differences
between the output of the pixel under test and the individual
outputs of the neighboring pixels. If these differences
include both positive and negative quantities, it is assumed
that the pixel is good and the testing proceeds to the next
pixel in turn. But if the differences are all positive or all
negative, the given pixel is considered to possibly be defec-
tive and is tested further. Such a pixel is suspect because it
is unusual for a given pixel to be brighter or dimmer than all
of its surrounding neighbors. An advantage of this process is
that the time necessary to determine that an individual pixel
is good, which will typically be the result for nearly all the
pixels of a sensor, can be quite short. According to another
specific aspect of the present invention, the processing for
the pixels under test that may be defective continues by
comparing the pixel output differences with at least one
threshold. If all the differences between the outputs of the
pixel under test and its surrounding neighbors exceed a
specified threshold, then the pixel is determined to be
defective and a value for that pixel is calculated from the
values of the surrounding pixels instead of using it for
picture data. A different threshold can be used for compari-
son with neighboring pixels depending upon their distance
across the sensor from the pixel under test. Recognizing that
the likelihood of differences in the image on the sensor
increases as the distance between pixels increases, the
applied threshold increases as the distance away from the
pixel under test increases.

[0007] According to a further specific aspect of the present
invention, the threshold(s) applied to identify defective
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pixels may also be calculated from the responses of the
pixels to at least one exposure of uniform light intensity. A
distribution of pixel outputs results from such uniform
exposure. The threshold for use with output differences of
adjacent pixels is calculated from the distribution’s spread,
selected to include a percentage of the pixels that are
normally good in such a sensor. The threshold used to
compare differences with pixels further removed from the
pixel under test is made to be greater. Preferably, the
thresholds are calculated from data obtained from a sample
number of cameras or other host devices using the same
model sensor and imaging optical elements. Alternatively,
although more complicated and expensive, the thresholds
may be calculated in this way for each sensor during
calibration of the device, and/or automatically calculated on
occasion during use of the device in order to adapt the
threshold(s) to any changes that take place in the sensor or
imaging optics with use.

[0008] Although the various aspects of the present inven-
tion are described to be implemented with megapixel sen-
sors, since such sensors are commonly used, the invention
also has application to sensors of fewer pixels. Additional
aspects, advantages and features of the present invention are
included in the following description of exemplary examples
thereof, which description should be taken in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a block diagram that functionally repre-
sents image processing within a camera;

[0010] FIGS. 2A, 2B and 2C illustrate the physical
arrangement of respective green, blue and red sensitive
pixels of a particular type of sensor that may be used within
the camera of FIG. 1,

[0011] FIG. 3 is a flow diagram illustrating processing
within the camera of FIG. 1 to identify and correct defective
pixels within its light sensor; and

[0012] FIGS. 4 and 5 are curves showing distributions of
pixel output values of sensors within cameras exposed to
uniform light fields of two different values, for the purpose
of determining threshold values used in identifying defective
pixels.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0013] As depicted in FIG. 1, a camera includes an image
sensor 1 that provides analog signals proportional to the
light impinging on the sensor. The sensor signal is connected
to an analog-to-digital converter (ADC) 2, which translates
the sensor analog signals into digital signals. A timing
generator 5 controls operation of the sensor 1 and the ADC
2. The digitized sensor output data then go through a chain
of processing stages. Two of these stages are defective pixel
determination 6, which identifies defective pixels, and
defective pixel correction 8, which corrects a located defec-
tive pixel from outputs of pixels neighboring the identified
defective pixel. Image processing stages 4, 7 or 9 may or
may not be included. Each one of the processing chain
stages can use the buffer 3 to pass the processed image data
to succeeding stages, and can employ the buffers 3 for
temporary storage of data created as part of the processing
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performed. The camera also includes an optical system (not
shown) for directing a light pattern onto the sensor 1, and
usually also includes a mechanical shutter and a controllable
aperture.

[0014] Referring to FIGS. 2A-C, a small portion of one
format of pixel array for the sensor 1 is illustrated, separately
showing respective green (G), blue (B) and red (R) sensitive
pixels. In the examples described, the process of identifying
and correcting for defective pixels is performed separately
for pixels of each of these primary colors. That is, the green
pixel Gp is being tested by use of its neighboring green
pixels G1-G8, the blue pixel B is being tested by use of its
neighboring blue pixels B1-B8 and the red pixel R is being
tested by use of its neighboring red pixels R1-R8.

[0015] The defective pixel determination techniques
described herein are based upon the fact that image sensors
and their optics produce sensor output electrical signals with
a limited bandwidth. Thus, the location of a high frequency
change in the value of the output of a pixel or pixels is an
indication of a defective pixel. A “positive” pixel under test
is a pixel that outputs a value greater than the outputs of all
of its neighbors, and a “negative” pixel under test is a pixel
that outputs a value smaller than the outputs of all its
neighbors. A positive pixel under test is determined to be
defective when its output exceeds that of its neighbors by
one or more positive thresholds, while a negative pixel under
test is determined to be defective when its output is less than
that of its neighbors by one or more negative thresholds. In
one embodiment, the neighboring pixels that are considered
include all pixels of the same color that are immediately
above, below, to the left, to the right, and diagonally adjacent
in all four corners to the pixel under test.

[0016] The processing performed by the defective pixel
determination and correction blocks 6 and 8 of FIG. 1 is
illustrated by the flowchart of FIG. 3, with reference to the
example pixel patterns of FIGS. 2A-2C. Standard data
normalizing steps (not shown) may additionally be included,
and the order of the steps of FIG. 3 may be altered from the
order shown.

[0017] A first step 21reads the digitized and/or processed
output values of a pixel under test and its neighbors. If the
green pixel G of FIG. 2A is under test, its output and that
of at least adjacent neighboring green pixels G1-G4 are read,
and possibly also green pixels GS5-G8 that are further
removed from Gr. Similarly, by referencing FIG. 2B when
the blue pixel By is under test, it and neighboring blue pixels
B1-B4 are read, and possibly also the slightly further dis-
placed blue pixel neighbors B5-BS8. Lastly, if the red pixel
R_of FIG. 2C is under test, it and neighboring red pixels
R1-R4 are read and possibly also neighboring red pixels
R5-R8 that are slightly further removed from pixel Ry than
pixels R1-R4.

[0018] In anextstep 23 of FIG. 3, the output values of the
neighboring pixels are individually subtracted from the
output value of the pixel under test. For example, if the green
pixel Gp is under test, the values of each of at least the
closest neighbors G1-G4 are subtracted from the value of
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Gr, and preferably also the further neighboring pixels
GS5-G8. This gives either four or eight difference quantities.
For the example of the algorithm using all eight difference
quantities, they can be expressed as follows:

D1=G-G1; D2=G1~G2; D3=G—G3; Dd=G—G4;
D5=G1-G5; D6=G1~G6; DT=G—~GT; D8=G—G8.

[0019] Four or eight differences are also formed with
neighboring pixels when either the blue pixel B or red pixel
By is under test instead.

[0020] The signs of the eight differences D1-D8§ are then
examined, in a step 25, in order to determine whether they
are all the same. If they are not the same sign, a result has
been reached. It has then been determined that the pixel
under test is good, so its value is utilized in the data file of
the picture, as indicated by a step 27. But if the signs of the
eight differences D1-D8 are all the same, this indicates that
the pixel under test may be defective. It is unlikely that
differences between the single pixel under test and all its
surrounding neighbors will have the same sign. It is possible
that the optical field incident on the sensor will show high
frequency characteristics in a few directions, for example if
there are lines and comers in the image, but if high frequency
characteristics are displayed in all directions, which means
that the pixel under test has a value greater than all its
neighbors or smaller than all its neighbors, the pixel under
test is strongly suspected of being defective. But before the
pixel under test is declared to be defective, the magnitude of
the differences with its neighbors are examined.

[0021] As indicated by steps 29, 31, 33 and 35 of FIG. 3,
the differences are compared to one or more thresholds, and
the pixel under test is declared to be defective if the
differences exceed the threshold(s). It is desirable to main-
tain different threshold levels for differences that are positive
and those that are negative. Therefore, in a step 29, cases
where the differences are all negative are caused, in a step
31, to be compared with one or more negative thresholds.
Similarly, if the differences are determined by step 29 to be
positive, these differences are compared in a step 33 to one
or more positive thresholds. Regardless of whether they are
positive or negative differences, it is determined in the step
35 whether the absolute values of each of the differences
exceed the applied threshold(s). If not, the pixel is declared
to be a good one, and its output value is used as part of the
image data, as indicated by a step 27.

[0022] But if all the differences exceed the applied thresh-
old(s), it is determined that the pixel is defective and that its
output value should not be used as part of the image display
data. An optical field of an object scene projected onto a
sensor will seldom if ever have such a high resolution as to
have one pixel so different from all of its neighbors. The
function of the defective pixel determination block 6 of FIG.
1 has then been completed. Correction of the pixel output
value subsequently takes place in accordance with the
function of block 8. This is accomplished by calculating a
value for the defective pixel from the output values of its
neighboring pixels, and then substituting the calculated
value for that of the actual output value of the defective
pixel.

[0023] This calculation and substitution are indicated to
take place by steps 37 and 39 of FIG. 3. One straightforward
way to calculate the value of the defective pixel is to take a
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simple arithmetic average of the values of at least some of
the neighboring pixels. The neighbors chosen for this aver-
age need not be the same as those used to determine that the
pixel was defective but can be. For example, in the case of
the green pixels illustrated in FIG. 2A, the average can be
taken of the most immediate neighbors G1-G4 while omit-
ting the further displaced neighbors G5-G8 that may have
been used in the calculation that identified the pixel as
defective.

[0024] Although an average of close by, same color,
neighboring pixel values are preferably used, many other
mathematical functions, other than a simple average, can be
employed instead. Such functions can be either linear or
non-linear and take into consideration not only the differ-
ence value of each close by neighboring pixel of the same
color as compared to other neighboring pixels of the same
color surrounding the identified defective pixel, but also
employ additional values from image pixels multiple rows
or columns away from the defective pixel and/or from pixels
of a different color than the defective pixel. Further,
although in this example the pixel value of the defective
pixel is discarded, in certain circumstances it may be ben-
eficial to retain the output value of the defective pixel and
employ this value in the replacement pixel value calculation.

[0025] From the above discussion of identifying defective
pixels, it can be seen that a pixel is identified as having
excessive high frequency characteristics if its value is
greater or smaller than the values of surrounding pixels by
predetermined thresholds. This can be visualized as a pixel
spike in a field of fairly uniform pixels. Since such a pixel
spike should not exist, because of the low pass filtering
behavior of the optics in the digital camera or other host
device, the pixel which caused the spike is determined to be
defective.

[0026] The use of a single negative and a single positive
threshold for each of the three colors is preferably used. But
if the more distant neighbors, such as pixels G5-G8, are used
in the determination of whether the pixel Gy is defective or
not, a different threshold level can be compared to the
differences with those pixels than to the differences with the
closer neighbors G1-G4.

[0027] The threshold values used in the defective pixel
determination process are most conveniently found by ana-
lyzing the defective pixel statistics of a number of cameras
or other devices that employ the same type of image sensor.
This analysis is done once to characterize the defect prop-
erties of a particular image sensor family, not for each
camera manufactured. It should be performed once for each
different camera model having a particular type image
sensor and optics, by testing a few representative cameras.
This provides representative statistical data for the distribu-
tion of defective image sensor pixels. Once the threshold
values are so determined, they are then stored in a non-
volatile memory of each camera or other device for use by
the device during the identification of defective pixels.

[0028] Referring to FIG. 4, a technique is explained for
determining positive thresholds for a model of camera or
other device using a particular type of sensor and imaging
optics. All light is blocked from the sensor of the device
being tested and data are gathered of the individual pixel
outputs. This is preferably repeated for a number of the same
model device. All the data are then combined into a histo-
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gram of pixel count as a function of pixel value, as shown
in FIG. 4. For each “black picture” histogram thus created,
the pixel value displayed by the largest number of image
sensor pixels, the Max Value, is then determined. Also, the
pixel value under which almost all pixels that are equal to or
greater than the Max Value, the Majority Value (for example
99.9%), of the image sensor pixel outputs fall below is
selected. The Majority Value minus the Max Value is used
as the positive threshold for this model of camera or other
device. The pixels having values above the Majority Value
will then be treated as defective pixels in the course of
carrying out the process of FIG. 3.

[0029] The Majority Value cut off that is used when
determining the positive threshold can be a percentage as
shown or a particular Pixel Value. The actual Majority Value
may be rather arbitrary but is preferably chosen to have a
number of pixels outside the “positive threshold” region of
the histogram of FIG. 4 that maximizes the quality of
images formed from the processing of FIG. 3.

[0030] The negative thresholds are determined by a simi-
lar technique, illustrated by FIG. 5. The sensor of a camera
under test is fully illuminated, and data taken of the outputs
of the pixels. This is done for several cameras, the data
accumulated for several tested same model cameras and a
histogram of pixel count as a function of pixel value is
created, as shown in FIG. 5. For each almost saturated
“white picture” histogram thus created, the pixel value
displayed by the largest number of image sensor pixels, the
Max Value, is determined and the pixel value over which
almost all pixels that are equal to or less than the Max Value,
the Majority Value (for example 99.9%), of the image sensor
pixel outputs fall above is found. The Max Value minus the
Majority Value is used as the negative threshold for this
model camera.

[0031] As will be noticed from FIGS. 2A-C, a particular
type of sensor has been assumed in the descriptions of
techniques above. This is a typical type of commercial
sensor, wherein photo-detectors extend along the rows that
are covered with red, green and blue filters. One row
contains alternating red and green sensitive photo-detectors,
while the next row contains alternating blue and green
sensitive photo-detectors, the photo-detectors also being
positioned along the rows to provide alternating color sen-
sitivity in columns. Most image sensors employed in digital
cameras available today utilize this type of sensor, which
have more photodetector sites allocated to the color green
than allocated to the other two colors blue and red. Because
the human eye is most sensitive to the color green, correct-
ing for just the defective green pixels, and not correcting for
the defective blue and red pixels, can still result in signifi-
cant improvements in image quality. In addition to the type
of sensor shown herein, the techniques of the present inven-
tion can be used with sensors having other arrangements of
color pixels.

[0032] Another type of photo-sensor that is commercially
available stacks multiple photo-detectors at each photo-site.
The top detector passes the colors red and green, while
filtering out the color it is sensitive to, for example blue. The
detector immediately beneath this top detector passes the
color green and filters out the color it is sensitive to, in this
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example red. The bottom sensor is then sensitive to the color
green. There are an equal number of green, red and blue
sensors. The techniques described above may be similarly
applied to this type of sensor.

[0033] Although the various aspects of the present inven-
tion have been described with respect to exemplary embodi-
ments thereof, it will be understood that the present inven-
tion is entitled to protection within the full scope of the
appended claims.

It is claimed:

1. A method of distinguishing high quality elements from
potentially defective elements in an array of photo-sensitive
elements while illuminated with an object field of varying
light intensity thereacross, comprising:

calculating difference values between outputs of indi-
vidual ones of the elements and neighboring elements,

if the difference values for a given one of the individual
elements have different signs, identifying the given
element to be of high quality, and

if the difference values for the given element have the
same signs, identifying the given element to be poten-
tially defective.
2. A method of identifying and correcting defective ones
of an array of photo-sensitive pixels, comprising:

directing an object field of varying light intensity across
the array,

calculating difference values between outputs of indi-
vidual ones of the pixels and a plurality of neighboring
pixels,

if the difference values for a given one of the pixels have
different signs, utilizing the output of the given pixel
for data of the object field,

if the difference values for the given pixel have the same
sign, determining whether the difference values are in
excess of a threshold,

if the difference values are not in excess of the threshold,
utilizing the output of the given pixel for data of the
object field, and

if the difference values are in excess of the threshold,
calculating a value of the given pixel from at least some
of the neighboring pixels and utilizing the calculated
pixel value in data of the object field.

3. The method of claim 2, wherein said threshold includes
either of at least first or second quantities that are different
from each other depending upon whether said same sign is
positive or negative.

4. The method of claim 2, wherein said threshold includes
either of at least first or second quantities that are different
from each other depending upon a distance between the
given pixel and individual ones of its neighboring pixels.

5. The method of claim 2, wherein a value of said
threshold is dependent upon both (a) whether said same sign
is positive or negative and (b) a distance between the given
pixel and individual ones of its neighboring pixels.
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