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(57) Abstract: A method of correcting an infrared image is provided. The method includes receiving an image from a camera com -
prising a first pixel with a first pixel value and a neighbor pixel with a neighbor pixel value. The first pixel and the neighbor pixel
can be assumed to view the same object. The method further includes storing the first and neighbor pixel values in an image table,
generating a corrected image table by adding the first pixel value to a corrected pixel value in a correction table, determining that the
camera is not moving, and masking edges in the corrected image table. The method further includes updating the correction table by:
determining that the first pixel value and neighbor pixel value are not edges, computing the difference between the first and neighbor
pixel values, and storing the difference in the correction table. The method further includes providing an output image table.
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METHOD OF SHUTTERLESS NON-URIFORMITY CORRECTION
FOR INFRARED IMAGERS

CROSS-REFERENCES TO RELATED APPLICATIONS

LN

[6661]  This application claims priotity to 1S, Provisional Patent Application No.

UNIFORMITY CORRECTION FOR INFRARED IMAGERS,” the disclosare of which is
hercby incorporated by reference in s entirety for all purposes. This application is related to
LS. Patent Application No. 14/206,297, filed on March 12, 2014, entitled “METHOD AND
10 SYSTEMS FOR PRODUCING A TEMPERATURE MAP OF A SCENE,” and U.S. Patent
Application No. 14/206,341, filed on March 12, 2014, entitled “METHOD AND SYSTEM
FOR PROVIDING SCENE DATA IN A VIDEO STREAM,” the disclosures of which are

hereby mcorporated by reference in their entivety for all purposes.

15 BACKGROUND OF THE INVENTION
[8862] The clectromagnetic spectrum encompasses radiation from gamma rays, X-1ays,
ultra violet, a thin region of visible light, infrared, terahertr waves, microwaves, and radio
waves, which are all related and differentiated o the length of their wave (wavelength). All
objects, as a function of their temperatures, emit a certain amount of radiation.  For example,

2 the higher an object’s temperature, the more infrared radiation is omitted.

[8803] Thermal cameras can detect this radiation in a way similar to the way a
photographic camera detects visible light and captures it in a photograph. Becauose thermal
cameras detect and captore infrared light, thermal cameras can work in complete darkness, as

ambierd light levels do not matter and arc not needed. Color thormal cameras require a more

(S
"

complex construction to differentiate wavelength and color has less meaning outside of the
normal visibie spectrom because the differing wavelengths do not map uniformly into the

system of color visible to and used by humans.

[8864] The monochromatic images from infrared cameras are often displayed in pseudo-
color, where changes in color are used, as opposed to changes in intensity, to display changes
30 io the signal, for exaraple, gradicuts of temperature. This is useful because although bumans

have much greater dynamic range in intensity detection than color overall, the ability to see
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fine intensity differences in bright arcas is fairly limited. Therefore, for use in temperature
measurement, the brightest (warmest) parts of the image may be colored white, intermediate
terperatures reds and yellows, transitioning to blues and greens, with the dimmest {coolest)
parts black. Typically a scale may be shown next to 2 false color image to relate colors to

temperatures.

[688¢5] Thermal cameras have many apphications, particularly when Hght and visibility are
low. For example, thermal cameras have been used in military apphications to locate human
beings or other warm entities. Warm-blooded animals can also be monitored using
thermographic imaging, especially nocturnal animals. Firefighters use thermal imaging to
sec through smoke, find people, and localize hotspots of fires. With thermal teaging, power
hine maintenance technicians locate overheating joints and parts, a telltale sign of their
failure, to climinate potential hazards. Where thermal imsulation becomes faulty, building
construction technicians can see heat loaks to improve the efficiencies of cooling or heating
air-conditioning. Thermal imaging cameras are also installed m some luxury cars 1o aid the
driver at pight. Cooled imfrared cameras can be found at major astronomy research

telescopes, even those that are not infrared telescopes.

SUMMARY OF THE INVENTION
[6886] According to the present jnvention, techmiques related to a method of correcting
non-unitormity 1o fnfraved (IR) images is provided. Move particularly, embodiments of the
present invention relate to methods for correcting the drift in an IR image based upon data
observed in the tmage, without the use of a shutter, one of the industry standard technigues.
The method may utilize factory calibrated tables, such as a gain table and an offset table. The
method may further utilize a correction table, which may be tteratively apdated. These
methods can also assume that any pair of neighboring pixels view the same scene content
{e.g., object) to compute the correction table at a Jocal level, and when the assunmption is

violated, use an edge mask and motion detector to avoid correcting the affected pixels.

168471 Oune 1ssue generally suffered by thermal cameras is that of non-uniforprity. That is,
cach detector (pixel) can have slightly different gain and offset across the array. Accurately
compensating for this non-uniformity is necessary for high-quality thermal imaging. Further

complicating this issuc is the fact that the offseis in particular will change or drift with time.

#0881  According to a particular embodiment of the present invention, a method of

correcting an infrared image is provided. The method includes providing a processor and
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receiving the infraved image from 2 thermal camera. The infrared image includes a plurality
of pixels arranged In an input fmage array, a first pixel in the plorality of pixels baving a first
pixel value and one or more neighbor pixel with one or more neighbor pixel values. The first
pixel and the one or more neighbor pixels are asseciated with an object in the troage, the one
or more neighbor pixels being adjacent to the fivst pixel in the input image array. The method
also inchudes updating, by the processor, a correction array baviong a plurality of correction
pixel values. The correction array is updated by, for cach correction pixel value: determining
the one or more neighbor correction pixel values for the correction value of the correction
pixel array corresponding to the first pixel value of the input image array; computing a
difference between a first correction value of the first pixel value and a neighbor correction
value for cach neighbor pixel value; determining that an absohute valae of the difference is
within a range; and determining the correction pixel value based on the difference. The
method further inclodes providing an output image array based on the correction array and

the foput tmage array.

1#06%1 According to ancther embodiment of the tnvention, a sum of the first portion of the
difterence and the second portion of the difference can be equal to the difference. In another
embodiment of the invention, updating the correction array can include adding the difference,
or a fraction of the difference, or the first or second portion of the difference, to a previous
neighbor correction value (o opdate a neighbor correction value, and subtracting the
difference (or another portion of the difference) from a previous correction value to update a

correction value.

(#0618} In another embodiment of the invention, the method can further include rather than
determining that the first pixel value is not an edge, determining that the first pixel is an edge

pixel, and assigning a mask to the first pixel

[8011]  According to another embodiment of the invention, providing the output image
table can include summing corresponding pixel values from the input image array and the

correction array.

[86812] In another particelar embodiment of the invention, the image received from the
camera may be a raw image, and the input image array can inchude multiplying the raw image
by a gain array, wherein the gain array is a predetermined array of values, According to
another embodiment of the invention, the input image array can further comprise adding an

offset array, wherein the offset array is a predetermined array of valaes.

s
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[B813] Numerous benefits are achieved by way of the present invention over conventional
technigques. For example, embodiments of the present invention provide a local correction
technique that may propagate over time to achieve uniformity of the entire array. These and
other embodiments of the invention along with many of its advantages and features are

described in more detail in conjunction with the text below and attached figures,

BRIEF DESCRIPTION OF THE DRAWINGS
[8814] FIG. 1 is a simplified flowchart iHustrating a method of correcting an infrared image

according to an cmbodiment of the present invention;

[8815] FIG. 2 1s a simplified flowchart iHustrating a method of correcting an infrared image

using edge detection according to an cmbodiment of the present nvention;

[B816] FIG. 3 15 8 simplified flowchart illustrating a method of updating the corvection

tablc using edge detection according to an embodiment of the present invention

186177 FIG. 4(a) is a simplified flowchart ithustrating a method of correcting an infraved
fmage by updating a correction table with and without edge detection according to another
embodiment of the present invention;

[8818] FIG. 4(b) is a simplified flowchart illustrating a method of correcting an infrared
image by updating a correction table without edge detection according to another
embodiment of the present invention;

{8819 FIG. 5 s a simplified flowchart ilustrating a method of updating the correction
table without edge detection according to an embodiment of the present invention;

[6828] FIG. 6 is 2 siplified flowchart iHusirating 2 method of updating the correction
table without edge detection according to an cebodiraent of the present invention;

[66821] FIG. 7 1s a simplified flowchart iHustrating a method of correcting an infrared image
according to another embodiment of the present invention;

{88221 FIG. 8 is an example of input infrared image with drift and its respective output
corrected infrared image according to embodiments of the present invention; and

[66823] FIG. 91s 2 high level schematic diagram illustrating a subsystem or component

according to an embodiment of the present invention.
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DETAILED DESCRIPTION OF THE INVENTION
[8824] Embodiments of the present invention provide a method of correcting non-
uniformity i infrared (IR) images. The method can incorporate a correction table that, when

added to the tmage, corrects the drift associated with each pixel.

[6025] Infrarcd imagers may be devices used to capture and/or form infraved images, for
example, a thermographic camera or infrared camera. Infrared imagers may include any
device that forms an tmage using infrared radiation. Instead of the 450-750 nanometer range
of the visible light camera, mfrared cameras may operate in wavelengths as long as 14,000

nm {14 ym),

[8826] Infrared energy is a part of the electromagnetic spectrom, which encompasses
radiation from gamma rays, x-1ays, uliva violet, a thin region of visible light, jntrared,
teraherts waves, microwaves, and radio waves. The various categories of infrared radiation
are related and differentiated in the length of their wave {(wavelength). All objects emit a

certain amount of infrared radiation as g function of their teruperature.

{80271 In general, objects with higher temperatures emit more infrared radiation as black-
body radiation. Infrared imagers can detect this radiation in 8 way similar to the way an
ordinary camera detects visible light. Infrared imagers have been used in various
applications, particularly in apphications with low light, such as in the nighttime, smoke-filled
buildings, or underground. Accordingly, infrared imaging has useful applications in military,

rescug, and wildlife observation operations, for example.

[86828] Color cameras require a more complex construction to differentiate wavelength and
color has less meaning outside of the vormal visible spectrom because the differing
wavelengths do not map uniformly into the system of color vision visible and detectable to
humans. Infrared image resohution and refresh rates are typically considerably lower than the

resohition and refresh rates of visible cameras.

[882%] One existing issue with infrared tmagers is that they are extremely susceptible to
temperature variations of the device itself, which cause focal-plang array (FPA) drifi; thus as
the infrarcd imager device i being operated, the device itselt generates heat during its
operation, resulting in noise in an infrared image. For example, in ancooled detectors the
temperature differences at the sensor pixels are minute; a 1 °C difference at the scene indaces
just a 0.03 °C difference at the sensor. Therefore, these sensors are particularly sensitive to
noise. In addition, the pixel response time is also fairly slow, at the range of tens of

milliseconds.
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[8838] Theretore, to reduce the noise 1n infraved 1mages, some infraved cameras are kept
cooled, by containing them in a vacuum-sealed case or Dewar and cryogenically cooled. The
cooling is necessary for the operation of the semiconductor maierials in the sensors of the
mfrared magers to reduce FPA doift, and the range of operating teraperature may range

depending on type and performance level.

[6831] Without cooling, these photo-detecting sensors which detect and convert infraved
radiation would be 'blinded’ or flooded by thewr own radiation, which results 1n FPA drift and
noise in the thermal image. However, the drawbacks of cooled infrared cameras are that they
are expensive both to produce and to operate at specific cooled temperatures, as the power
consumption of cooling is high, costly, and time-intensive. For example, the thermal imager
may need several minutes to cool down before it can begin operating properly. Additionally,
even cocled sensors may experignce some drift, but on a smalf scale than compared to the
drift of a cooled scusor. However, embodiments of the present invention are applicable to
both cooled and uncooled sensors. Further, drift is more a function of dark current than of

being flooded by sclf radiation.

[66832] Alernatively, uncooled infrared imagers use a sensor operating at ambiont
temperature, of a sensor stabilized at a temperature close to ambient using small temperature
condrol elements, which are more cost-effective to produce and operate. Modern uncooled
detectors all use sensors that work by the change of resistance, voltage or current when
heated by infrared radiation. These changes are then measured and compared to the values at

the operating temperature of the sensor.

{80331 Uncooled infrared sensors can be siabilized to an operating temperature to reduce
image noise, but they are not cooled to low temperatures and do not require bulky, expensive
cryogenic coolers. This makes infrared cameras smaller and less costly. However, thewr
resohition and image quality tend to be lower than cooled detectors. So the infrared imager,
as it warms up or cools down, each pixel starts to react a httle bit differently than it did at the
mitial teraperature, consequently, cach pixel begios drift in its performance. This drift, or
FPA drift, typically appears as fixed patterns emerging in the image, for example, as a cross-
hatched pattern, or as unwanted artifacts in the image. Typical methods of correcting FPA
drift in infrared images was to either utilize factory calibration tables to help to correct the
drift, and also implement a shutter operation in the infrared mager to generate an offset for
the image. For example, take a picture of the uniform scene, or that shutter, and use that as

an offsct to correct the non-uniformity of the FPA drift of the pixels.
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(80341 As described herein, embodiments relate to a shutter-less method of correcting non-
uniformity in IR tmages. The method can determine if an image inchudes an edge. “Edges”
cecur around the outline of objects in the image and manifest within the image as a difference
i pixel value between & pixel and one or more of its neighbors {e.g., above, below, left, right,
or diagonal, etc.). A small difference in pixel value can be indicative of a weak edge and a
large difference in pixel valuc can be indicative of a strong edge. The method may mitially
assume that cach pixel and its immediate neighbors are viewing the same scene content {e.g.,
object) in an image, and thus should read the same pixel value. In an embodiment, an edge
can cause these and other assgmptions to be untrue, including the assumption that cach pixel
and its immediate neighbors are viewing the same object in a scene. In an embodiment of the

mvention, a pixel showing an edge may vot be processed {¢.g., skipped).

(80357 When neighboring pixels do not read the same value, it can also be due to drift of
the focal planc array (FPA) from the factory calibrated non-gniformity correction {(NUC)

tables.

#0636} In an embodiment, a correction table can be incorporated with the method to correct
the drift. The correction table may be the same size as the image so that each entry (e.g., cell)
in the table can store the correction value for the corresponding pixel in the tmage. Cther
tables, such as a gain or an offset table, may alse be used to iteratively form a correction

table. The gain and offset tables may be factory tables with predetermined settings.

1368371  Aun offsct table may be a matrix that is also the same size of the image such that
cach entry in this table corresponds to one of the pixels in the image. The offset table may be
automatically adjusted to remove non-umformities from the infrared imager. Gain and offset
tables may be factory calibration tables, which may be used in embodiments of the present
nvention without the use of the shutter to capture a uniform image. Embodiments of the
mvention describe an automatic algorithm to replace the shutter using the factory calibration

tables for gain and offset, as well as a correction table.

16638] Although some embodiments of the present invention utilize gain and offset arrays
in conjunction with a lincar NUC model, these arrays and their use are not required by the
present invention. The present invention is not dependent upon the implementation of a
bnear NUC model. On the contrary, embodiments of the present invention can be
mmplemented using other types of NUC models. Accordingly, embodiments create a table C
such that an output = f{raw image;} + C is an tmage with fixed pattern noise corrected, where

) represents a correction of the raw image according to tables previously measured {e.g., in

-~
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a factory during manufacturing). These tables have coefficients for each pixel that ave useful
m any NUC model, be that Hnear or otherwise. One of ordinary skill in the art would

recognize many variations, modifications, and alternatives.

[6683%] The method may begin by forming the correction table. Each pixel can be analyzed
by comparing the pixel to cach of its neighbors. Any number of neighbors may be used. For
example in the case of four neighbors, W 1I{x, v} represents the image pixel at colomen “x” and
row “y,” then when I(x, v} is processed, I{x + 1, v), l{x - 1, v}, lx, y + 1), and I{x, v - 1) ave

the neighbors.

[66848] The pixel analysis for the correction table can occur in any order. For example, the
analysis can begin by processing the pixel on the first row and first cohumm of the image and
proceed along the colunms of the first row. When all columus of that row are finished,

processing can move 1o the next row, starting at the first colunm. Processing can continue to

each row wuntil each pixel in the image has been processed.

18641} The correction table can alter the correction value for a variety of sttuations,
inchuding when the pixel is part of an edge region. If the method is allowed to operate on an
edge, the edge can become blurry as the algorithn secks to make the pixels around the edge

read the same value.

[#842] Edge regions can be detected during processing by implementing an edge detection
algorithm. Correction table entries corresponding to the detected edge pixels can be
prohibited from being updated (e.g., they are “masked out” of the updating process) in order
to avoid a deleterious blurring effect. Any edge detection algorithm may be used (e.g., the

Canny algorithm that can detect weak as well as strong edges).

(#0437 In an embodiment, a motion detection algorithm can also be used when forming the
corrgction table, Since the odge detection method cannot detect some weak odges (e.2.,
locations i the image where only a small difference in pixel vahie exists between a given
pixel and s neighbor due to the scene), 3 motion detection algorithm can be used. The
motion detection algorithm can prohibit the correction table from being updated while the
scene is stationary. This can prevent “burn in,” which is a condition where, in some
embodiments, the correction factor erroneously takes scene differences as pixel offset
differences. The motion detection algorithm may be accomplished with the use of motion

sensors mounted io the camera or may be accomplished with image processing technigues.
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[8844] To begin processing the current frame, cach pixel at colamwm *“x” and row “y” may
be mitially corrected with the factory tables (e.g., in the case of a Hnear non-uniformity
modely: 100,y) = g0Ly)POxy ) + O(x,y), where g(x.y} is the corresponding entry in the factory-
determined gain table, P(ry) s the pixel value at colamn “x” and row “y” in the raw
observed image, and O(x,y) is the corresponding entry i the factory-determined offset table.
The pixels may be further modified by adding the corresponding entry in the correction table
from the previeus framne C(x,y 1 Uiy =Ixy) + C(xy), where '(x.y) is the initially
corrected pixel value at colunm “¥" and row “v.” In an embodiment, the correction table,
C(x,y), can be initialized to ali zeros when the camera is turned on or can be mitialived to
some other predetermined array. If the camera is determined to not be moving, (x,y) is
output and no update 18 made to the correction table on the current frame. [fthe camera is
determined to be moving, the mnitially corrected 1mage (3 y} is Input to the edge detection

algorithm.

[8845]  Once the edges have been detected, updating of the correction table C(x,y) for the
current frame may proceed. Processing the x” column and the ¥" row of table C can proceed
by first determining if the pixel }x,y} is an edge pixel. If it is an edge pixel, no processing
may be done and the algorithm can move on to the next pixel. 11t is not an edge pixel, the

algorithm can compute an update to table C.

[#846] To update table C, the algorithm can then proceed entry by entry in the previously
mentioned order by computing the difference (“DIFF”) between the corrected pinel and the
corrected vakue of its first neighbor, if the neighbor is not an edge pixel. For example, if the
neighbor is I{x+1,v}, then: DIFF = (I{x, v} + Clxy)) - (Hx+1,y) + C{x+1,y)) H the neighbor

is an edge pixel, that neighbor can be ignored.

[6847] A portion of “DIFF” can be subtracted from the pixel’s corresponding entry in the
correction table C(x,y), and the same portion can be added to the neighbor’s corresponding
entry in the correction table C{x+1,y). This process can be repeated for each neighbor. Inan
embodiment, the algorithm may be altered to adjust the proportion of the difference that is

added and subtracted from the eniries in the correction table.

[6848] Afier all neighbors have been analyzed, processing can procecd fo the next pixel. In

an embodiment, the processing can recursively analyze each pixel in the received image.

18049}  After the correction table has been updated, the updated correction table can be
added to the NUC-corrected image, using the following formula: Cutput(x,y) = l{x,y) +

Cly).
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[8858]  In onc embodiment of the invention, a method of updating the correction table with
edge detection is provided which may be used with camera motion and is thas, a motion-
based method with edge detection. This motion-based method for updating the correction
table includes prior edge detection. Further, in this motion-based method with edge
detection, the DIFF is divided by a denominator, In conjunction with the camera motion
detected prevents over-reacting and over-compensation in defecting weak scene edges and/or

temporal noise.

#0651} In another embodiment of the invention, a method of updating the correction table
without edge detection is provided which may be used with or without camera motion. Thus,
this method may be motionless or motion-based in updating the correction table; however,
this method does not utilize prior edge detection. In this method of updating the correction
table without edge detection, it may be determined whether the DIFF falls within a range
designated by threshold values T1 and T2, which may be set to accommodate a moving
camera or a non-moving camera. For example, T1 may be set to a larger vahie for a moving
camera compared {0 a non-moving camera, and T2 may be set to a smaller value fora

]’BOViﬂg €amera C(‘.‘l’!lp&f@d 0 a ElOl’l—l’ElOViﬂg Canmcra,

[8852] FIG. 1 15 a simplified flowchart ilustrating a method of correcting an infrared image
according to an embodiment of the present fnvention. The method inchades receiving a raw
mmage from a camera at 110, The image can comprise a first pixel with a first pixel value and
a neighbor pixel with a neighbor pixel value, wherein the first pixel and the neighbor pixel
are assumed to view the same object in the image. The raw image may be processed using
the factory calibration tables for gain and offsct to generate a processed image. The raw
image may also be processed with a correction table from the previous frame. Thus, for
example, if the camera i receiving the first frame, then the values in the initial correction
table muay be zere or another initial pre-determined value, since there is no previous frame o

begin calculating a correction table from; in this case.

180531 At 112, the method further includes determining whether the camera {e.g., infrared
imager) 18 moving. When the camera is determined to be moving, the method further
inchudes detecting the edges in the corrected image at 114 by iterating through each pixel in
the corrected image. Then at 116, the correction table is updated and s corrected image is
generated with the updated correction table. The cotrected image may be gencrated by
adding the first pixel value o its corresponding corrected pixel value in the updated
correction table. The correction table may be updated, for example, by terating through each
pixel, computing the difference between the first image pixel and the neighbor pixel value,

10
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subtracting the difference from the first image pixel, and adding the difference to the

neighbor pixel valae.

18684}  Once the correction table is updated, the method includes outputting a corrected
fmage at 118, The corrected image is the processed image corrected by the values in the
updated correction table updated in 116, which may be achieved by summing corresponding
pixel values from the processed image and the cortrection table. The method then proceeds to
receive and process the next raw image at 110, and the previously updated correction table is
used for the next frame. When at 112, the camera is determined to not be moving, in an
embodiment, the method may directly output the corrected image at 118 with the previous

correction table.

[6855] 1t should be appreciated that the specific steps illustrated in FIG. 1 provide a
particular method of correcting an infrared image according to an embodument of the present
mvention. Other sequences of steps may also be performed according to alternative
embodiments. For example, alternative embodiments of the present invention may perform
the steps outhined above n a different order. Morcover, the individual steps Hllustrated in
FI1G. 1 may melade multiple sub-steps that may be performed in various sequences as
appropriate to the individual step. Furthermore, additional steps may be added or removed
depending on the particular applications. One of ordinary skill in the art would recognize

many variations, modifications, and alternatives.

[6856] FIG. 2 is a stmplified flowchart iHustrating & method of correcting an infrared image
according to an embodument of the presecut invention. At 202, a processed image "7 may be
generated based on a received raw image “P”. Raw image P is processed with a factory
cahibration table “g” (hercinafter, referred to as “the gain table™), which is the same size as
the raw image P. Accordingly, each value in the gain table g is a gain valuc for a
corrosponding pixel value i imeage P. Since P is the raw tmage captured by the camera, the
pixels in P have non-umiformities. “0” is a factory calibrated table for offset (hereinafier,
referred to as “the offset table™). As shown in 202, 1 is a processed image of raw image P
using the gain table g and the offsct table O, both of which are factory calibrated tables.
Accordingly, the proccssed image 1 1s the gamn table g nuihiplied by the raw image P, phus the
offset table O, (I = gP + O} which results in some corrections to the non-uniformities of raw

tmage P, bui is not ideal.
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{88587 It should be noted that I = gP + O is a Hnear model for NUC that may be used and is
described in the embodiment of FIG. 2. However, other NUC models may be utilized, for

exampile, quadratic models may be implemented in other embodiments of the invention,

{8058} To improve the corrections to the non-uniformities of raw image P, a correction
table “C” may be further added. In addition {o processed image |, there may also be a
corrocted image “I” generated, which 1s the processed image sumuaed with the correction
table (I" =1+ C). Similar to g and O, C 1s a table of the same size as P, however Cisnot a
static factory calibrated table, but a dynamically generated correction table. According to
embodiments in the invention, C 15 populated tteratively to automatically correct | and
remove all remaining non-unmiformities that exist after the use of factory calibrated tabled g
and . Thus initially at the first frame to be processed in 202, C may be set to have values of
zero or another pre-detormined value, and when the next frame is processed, the C used to
correct the second frame is updated and calculated based on the first {or previous) frame.

Accordingly, C 1s constantly and tteratively updated sequentially with cach frame.

16659 At 204, a camera muotion detection is performed, which may be accomplished using
a motion sensor, or using image processing-based techniques to determine whether the
camera is moving. At 206, if the camera is not moving, then at 214, the output image
generated is U, which is the processed tmage 1 sumomed with C from the previous framge. fat
206, the camera is determined to be moving, then at 208, an edge detection 1s performe

using 1", which 15 the corrected image using C as generated from the last frame.

[8868] The edge detection at 204 is performed using the best data currently available for
that frame, which is I, Therefore the pixels in I” arc analyzed to determine a list of the edge
pixcls. An edge of the image would be, for example, in a scene including a hot balf against a
cold background, the edges would just be the cutline of that ball. The edge detection in 208
would result in a Hst of the pixels that define the outline of the ball. However, it may notbe
simple to determine all of the edges in the image. Strong edges, for example, such as the ball
against a white background, may be casy to determine. However weak edges, such as the bot
ball in a shadow or against a background in a similar temperature as the ball, may be more
difficult to discern as the edge pixels may start to get lost in the noise of the image. Various
edge detection aigorithims and techniques may be implemented. In an embodiment of the
nvention, the edge detection of 208 determines strong edges and provides a lst of edge

pixels that define strong edges n the image.



e

10

15

30

WO 2014/144492 PCT/US2014/028922

(80611 At 210, the correction values m € may be updated based on the non-edge pixels of
1. Asshown in 210, an example of the psendo-code to update C is shown in nested loops.
For cach entry (pixch at x,y of C, 1t is determined whether that eotry (X,y) in { is ap edge. If
(x,y) is an edge, then that entry {¢.g., pixel) is skipped and the next entry in C and s
corresponding entry in 1 is evaloated. The next entry evaluated in a table, such as C, g, P, 1,
and U, may be determined by scanning in raster scan mode. For example, evaluating all the x
values in row v, for example: (x, v}, (x+1, v), (x+2, y}... (x#n, v), and then proceeding to the
next row, y+1, for example: (x, y+1), (x+1, y+1), (42, y+1)... (x40, y+1). The elements of

correction table C may be evaluated in any order.

[B662] in 210, I(x,y) is not an edge, then the neighbors of that pixel arc evaluated.
MNeighbors may include the pixels divectly above, directly below, directly to the left, and
directly to the right. Neighbors may also include pixels that arc diagonal — northwest,

northeast, southwest, southeast 1o [{x,y), or any combination of surrounding pixels to I(xy).

[8863] The neighboring pixels are then evaluated to determine if the neighboring pixels are
cdges or not. 1f the neighbor pixel is not an edge, then the difference “DIFF” is computed,
which may be the difference between the corrected pixel and the corrected vahie of its first
neighbor. For example, if the neighbor 1s I+ 1y}, then: DIFF = (I00y) + COuy)) - 0Ly
+ Cix+1,y)). Reducing the equation, the DIFF is essentially the best correction of the current
pixel minus the best correction of the neighbor. If the neighbor is an edge pixel, that

neighbor can be ignored.

[3664]  If the neighbor is not an odge, then ideally, the neighbor and the current pixel I{x,y)
should be equal, and DIFF represents the extent to which the neighbor and the current pixel
are not equal. However, DIFF includes pinel differences due not only to the fixed pattern
noise from pixel drift but also from other causes such as temporal noisc and weak edges from
the scene that did not get masked. Therefore the correction value for I{x,y) is determined by
using a portion of DIFF so that over several frames, the difference between the pixels will
converge to zero and make the non-edge neighbor and the non-edge current pixel 1{3,y) equal
without reacting oo strongly to temporal noise or weak edges. As shown in 210, the
correction values for {(x,y) and I{neighbor) are updated in correction table C. To update the
correction values in C, a portion of DIFF may be subtracted from the current vahie of C00y),
which is the correction value of I{x,y), and added to the cusrent correction value of the
neighbor pixel, which is C{neighbor). Every pixel in 1 and its corresponding entry in C is

evaluated to iteratively update all the correction values in every entry in C.
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[B865] Masking of scene edges found via edge detection is performed to avoid processing
edge pixels because the correction values are computed to mintmize the difference between a
current pixel and its neighbor. If the neighbor is an edge and the current pixel is not, then

minimizing the difference would “burn’ the edge wite table C. This would bave the effect of

e

blurring the edge until the camera moves and it would have the effect of a ghost edge in that
location of the image after the camera moves, However, edge detection algorithms cannot be
counted on to find all edges, particelarly weak edges. Therefore, the updates to C are ounly
allowed when the camera 1s moving. Because, if for example, in comparing the pixel to ifs
neighbor it happens to be on a weak edge that is not masked out, the correction vahies will
10 get updated to minimize the difference across this edge. However, since the update is only
atiowed if the camera is moving, and since only a portion of DIFF is used 1o update table C,
the correction that was erroneously computed because of that weak edge will be
tmperceptibly small and will only be used once because a weak edge in one frame will be

positioned on different pixels on the next frame when the camera is moving.

15 [B#d66] When the camera is not moving, no update to table C is made and | {the image
corrected by the last frame’s correction table) is output in one embodiment. Not updating
table C o this case keeps unmasked weak edges from being burned into table C. The edge
detection in 208 may be used when the camera is moving because weak edges may be
difficult to detect. Therefore, if the camera is stationary, and if a pixel and its neighbor, on a

20 current frame form a weak edge, the iterative correction table updated o 210 of FIG. 2 may

result in @ blurring of the edge after the processing of several frames.

18667} Thus, in an embodiment, when camera motion is detected in 206, a method of

updating table C with edge detection s performed in 208 and 210,

(80687 Alternatively, in ancther embodiment, when camera movement is detected in 206,
25  then in 218, 2 method of updating table C without edge detection may be utilized. This

method of updating table C1in 218 is shown in block 504 of FIG. 5. Referring to 504 of FIG.

5, without edge detection, every entry in C and every pixel in 1 is evaluated at 504. For cach

correction value (¥} in C, and for each neighbor of (x,y} in C, a difference DIFF 15

computed. As mentioned previously, every correction value in C corresponds to a pixel in
30 for example correction value C(x,y) corresponds to pixel I{x,y), and correction valoe

C(neighbor) corresponds to pixel W{neighbor).

[886%] The DIFF may be computed by taking the difference between 1(x,y) + C{x,y) and

i{neighbor) + C{ncighbor). If the absolute value of BIFF is within a range of values as
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defined by thresholds T1 and T2, then the correction value is updated. For example, whether
T1 > absolute value of DIFF > T2, Thresholds T1 and T2 may be predetermined valoes. The
correction value C{x,y) for the current pixel is updated by subtracting a fraction of the DIFF
from the current correction value, The fraction of the DIFF may be computed by dividing
DIFF by a denominator, denom. The denominator denom, T1, and T2 may be input values
that are set, and/or may be predetermined. The correction value of the neighbor C{neighbor)
may be updaied by adding the fraction of the DIFF (for example, DIFF/denom) to the current
correction value of the neighbor. 504 is repeated iteratively for every entry in C, until the

entire table is populated and updated.

18078] For this moving camera case, T1 may be chosen to be a value such that the amount
DIFF/denom is imperceptible to the eye when the pixel differences (DIFF) 15 less than T1.
T2 may be chosen (o be smaller than T1 such that pixel differences less than T2 are so small
as to not be worth correcting. T2 may provide a lower lunit on pixel differences in order to

prevent over-convergence of the algorithm,

[6871] Referring to FIG. 2, at 212, after every eniry in { and C have been iterated through
by either a combination of 208 and 210 (method of updating table C with edge detection), or
by 218 only (method of updating table C without edge detection), then the outputted image is
a summation of the processed image I {in which I = gP + O) and the updated correction table
C. As aresult, the outputied tmage containg a more coraplete comrection of the non-
uniformities of the raw image, with the correction becoming progressively and iteratively

mmproved.

16672] It should be appreciated that the specific steps llustrated in FIG. 2 provide a
particular method of correcting an infrared fmage according to an embodiment of the present
invention. Other sequences of steps may alse be performed according to alternative
erobodiments. For example, altomative cmbodiments of the present invention may perform
the steps outlimed above in a different order. Moreover, the individual steps illustrated in
FIG. 2 may ichide multiple sub-steps that may be performed in various sequences as
appropriate to the individual step. Furthermore, additional steps may be added or removed
depending on the particular applications. One of ordinary skill in the art would recognize

many variations, modifications, and alternatives.

[6873]  FIG. 3 1 a sioplified flowchart diagram illustrating a method of updating a
correction table with edge detection according to an embodiment of the present invention, for

examaple, as shown in 210 of FIG. 2. At 301, a currcunt pixcl is provided. Evaluating the
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current pixel I{x.y), at 302, the method further includes determining whether the current pixel
I(x,y) is an edge. If the carrent pixel is determined to be an edge at 302, then the method
proceeds 0 312 and Uterates to a next pixel in the image and a next value in the correction
table. M I{x,y) is not an edge, then the neighbors of that pixel are deterroined and considered

at 304, Neighbors may include any swrrounding pixels to [{x,y).

[6874] At 306, the neighboring pixels are then evaluated to determine if the neighboring
pixels are edges or not. 1f the neighbor pixel is determined to be an edge at 306, then the
method reverts back to 304 to consider another neighbor pixel of the corrent pixel I{x,y) until
all the neighboring pixels have been considered. If the neighbor pixel is not an edge, then the
difterence “DIFF” between the corrected pixel and the corrected value of its first neighbor is
compnited at 308. For example, if the neighbor is I(x+1y), then: DIFF = {(I{x,y) + C{x.y)) -

{0c+Ly) + Clx+1yy. If the neighbor is an edge pixel, that neighbor can be ignored.

[8875]  When the neighbor is not an edge, then DIFF quantifies how different the neighbor
and the current pixel I{x,y} are, and the corvection value for the current pixel is calculated to
minimize DIFF such that is converges ciose {o zero. When DIFF converges, then the cusront
pixel and the neighbor should be almost equal. In 310, the updated correction values in C are
computed by subtracting DIFF/denom from the current value of C{x,y), which is the
correction value for {x,y), and adding DIFF/denom to the current correction value of the

neighbor pixel, which is C{neighbor). The value of denom may be a predetermined value,

[B876] At 312, the method inclodes proceeding to the next pixel in image § and its
corresponding correction value in correction table €. The method may then proceed to
evaluate the next pixel as the current pixel provided in 301, The process shown in 301-312 15
repeated for every pixel in Iy} to iteratively, automatically, and incrementally update the

correction values 1n correction table C.

{88771 It should be appreciated that the specific steps illostrated in FIG. 3 provide a
particular method of updating a correction table according to an embodiment of the present
mvention. Uther sequences of steps may also be performed according to aliernative
embodiments. For example, alternative embodiments of the present invention may perform
the steps outlined above in a different order. Moreover, the individual steps illustrated in
F1G. 3 may inclode multiple sub-steps that may be performed in various sequences as
appropriate to the individual step. Furthermore, additional steps may be added or removed
depending on the particular apphications. One of ovdinary skill in the art would recognize

many variations, modifications, and alternatives.

18



(o]

No
(4]

WO 2014/144492 PCT/US2014/028922

[8878] FIG. 4(a) 1s a simplified flowchart iHustrating a method of correcting an infrared

mmage according to another embodiment of the present invention.

16687%] At 402, a processed image 1 may be generated by multiplying a raw image P with a
factory calibrated gain table g with an added factory calibrated offsct table O, such that [ = gP
+ (. As aresult, [ contains some corrections to the non-uniformitics of raw image P, but is
not ideal, as the corrections are based purely on factory calibrated tables with predeteroined
values. In addition o processed image 1, there may also be a corrected image “I"” generated
at 402, which is the processed image summed with the correction table (I = I+ C}. Similar
to g and O, C is a table of the same size as P, however C is not a static factory calibrated
table, but a dynamically generated correction table. According to embodiments  the
ivention, C is populated iteratively to automatically correct I and remove all remaining non-
uniformitics that exist after the usc of factory calibrated tabled g and O. Thus initially at the
first frame 1o be processed in 402, C may be set to have values of zero or another pre-
determined vahie, and when the next frame 1s processed, the C used 1o correct the second

frame is updated and calculated based on the first {or previous) frame.

[B888] At 404, a camera motion detection operation is performed. Detecting camera
motion may be accomplished using a2 motion sensor, or using image processing-based
techniques. At 406, if the camera is moving, then edge detection using | is performed at
411, and a correction table 1s generated, populated, and updated at 412, using the method
ilustrated in FIG. 3 and at 210 of FIG. 2. The edge detection at 411 may be performed using
the best data corrently available for that frame, which is I". Therefore the pixels in I™ are
analyzed to detorming a list of the edge pixels. Various edge detection algorithios and
techniques may be implemented at 411, In an embodiment of the invention, the edge

detection of 411 may provide a list of edge pixels that define strong edges in the image.

{80811 However, if at 406, the camera is not moving, then a correction table 18 generated,
populated, and updated at 408 according to a method illustrated in FIG. 6 and at S04 in FIG.
5. Referring to S04 of FIG. 5, without edge detection, every entry in C and every pixel in L
For each correction value (x,y) i C, and for cach neighbor of (x,¥) in C, a differcoce DIFF is
computed. As mentioned previously, every correction value in C corresponds to a pixel in [
for example correction value C{x,y) corresponds to pixel I{x,y), and correction value

Cineighbor) corresponds to pixel {neighbor).

{68821 The DIFF may be computed by taking the difference between 10y} + Cix,y) and

i{neighbor) + C{ncighbor). If the absolute value of BIFF is within a range of values as
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defined by thresholds T1 and T2, then the correction value is updated. For example, whether
T1 > absolute value of DIFF > T2, Thresholds T1 and T2 may be predetermined valoes. The
correction value C{x,y) for the current pixel is updated by subtracting a fraction of the DIFF
from the current correction value, The fraction of the DIFF may be computed by dividing
DIFF by a denominator, denom. The denominator denom, T1, and T2 may be input values
that are set, and/or may be predetermined. The correction value of the neighbor C{neighbor)
may be updaied by adding the fraction of the DIFF (for example, DIFF/denom) to the current
correction value of the neighbor. 504 is repeated iteratively for every entry in C, until the

entire table is populated and updated.

[B683]  In this non-moving camera case, T1 may be chosen to be a value such that pixel
differences less than T1 are imperceptible 1o the eye. T2 may be chosen to be smaller than
T1 such that pixel differences less than T2 are so small as to not be worth correcting. T2 may
provide a lower limit on pixel differences 1o order to provent over-convergence of the

algorithm.

18084} Reforring back to FIG. 4(a), when the correction table C is complete from cither 408
or 4172, 1t 15 added to processed image [ (I = gP + O) to create an output tmage that is

corrected of its non-uniformities without edge detection.

[BOR5] It should be appreciated that the specific steps illustrated in FIG. 4(a) provide a
particular method of correcting an infrared image according to an embodiment of the present
mvention, Other sequences of steps may also be performed according to alternative
cmbodiments. For example, alternative embodiments of the present invention may perform
the steps outhined above in a different order. Moreover, the ndividual steps illustrated in
FIG. 4 may nclode multiple sub-steps that may be performed in various sequences as
appropriate to the individual step. Furthermore, additional steps may be added or removed
depending on the particular applications. One of ordinary skill in the art would recognize

many variations, modifications, and alternatives.

[B086]  FIG. 4(b) is a simplified flowchart illustrating a method of correcting an infrared
image according to another embodiment of the present invention without edge detection for

both motionless and motion-based algorithms for updating the correction table.

[BOR7] At 452, aprocessed image [ may be generated by multiplying a raw tmage P with a
factory calibrated gain table g with an added factory calibrated offset table O, such that I = gP

+0,
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[BORB] At 454, a camera motion detection operation is performed. Detecting camera
motion may be accomphished using a motion sensor, or using image processing-based
techniques. At 456, if the camera is moving, then a correction table is generated, populated,
and updated at 462 according to a mothod tlustrated in FIG. 6 and at 504 1o FIG. 5, where T1
is larger and T2 is smaller than in a motionless algorithm of 458, Referring to 504 of FIG. 5,
without edge detection, every entry in C and every pixel in [ is evaloated. For each
correction value (xy) in C, and for each neighbor of (x,y) in C, a difference DIFF is

computed.

[688%] The DIFF may be computed by taking the difference between 1{x,y) + C{x,y) and
lneighbor) + C{necighbor). 1f the absolute value of DIFF is within a range of values as
defined by thresholds T1 and T2, then the correction vahie is updated. For example, whether
T1 > absolute value of DIFF > T2, Thresholds T1 and T2 may be predetermined values. The
corroction value C{x,y) for the current pixel is updated by subtracting a fraction of the DIFF
from the current correction value. The fraction of the DIFF may be computed by dividing
DIFF by a denominator, denom. The denominator denom, T1, and T2 may be input values
that are sct, and/or may be predetermined. The correction value of the neighbor C{ncighbor}
may be updated by adding the fraction of the DIFF (for example, DIFF/denom) to the current
correction value of the neighbor. 504 15 repeated iteratively for every entry n C, until the

entire table is populated and updated.

[B8%¢] For this moving camera case, T1 may be chosen to be a value such that the amount
DIFF/denom is imperceptible to the eye when the pixel differences (BIFF) is less than T1.
T2 may be chosen to be smaller than T1 such that pixel differences less than T2 arc so small
as 1o not be worth correcting. T2 may provide a lower imit on pixel differences i order to

srevent over-convergence of the algorithm.
o

[6891] Reterring back to FIG. 4(b), when the camera is determined to not be moving in
456, then the method proceeds o the motionless algorithm of 458, according to a method
iHustrated in FIG. 6 and block 504 of FIG. 5, where T1 is smaller and T2 is larger than in the
motion-based algorithm of 462. Thus, embodiments of the present invention provide a
method of performing NUC in sttuations when the camera is not moving (i.¢., still camera
case) by making updates to the correction table when the camers is still using block 458 of

FIG. 4.
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(80821 At 460, when the correction table C is complete from either 458 or 462, it is added
to processed image [ (I = gP + O) to create an output image that is corrected of its non-

uniformities without edge detection.

[66893] It should be appreciated that the specific steps illustrated in FIG. 4¢(b) provide a
particular method of correcting an infrared image according to an embodiment of the present
mvention. Other sequences of steps may also be performed according to alternative
embodiments. For example, alternative embodiments of the present invention may perform
the steps outhined above in a different order. Moreover, the individual steps Hlustrated in
FI1G. 4 may inchade multiple sub-steps that may be performed n various sequences as
appropriate to the individual step. Furthermore, additional steps may be added or removed
depending on the particular applications. One of ordinary skill in the art would recognize

many variations, modifications, and altematives.

[8894] FIG. § dlostrates a simphified flowchart iHlustrating a method of updating a
correction table without camera movement according to an embodiment of the invention. At
502, a processed image I = gP + O 15 used to #teratively determine cosrection values for
correction table C. Without edge detection, every entry in C and every pixel in 1 is evaluated
at 504, For each correction value (x,y) in C, and for each neighbor of (0y) in C, a difference
DIFF is computed. As mentioned previously, every correction value in C corresponds to a
pixel in {, for example correction value C(xy} corresponds to pixel I(x,¥}, and correction

value C{neighbor) corresponds to pixel I{neighbor).

1689581 The DIFF may be computed by taking the difference between I{x,y) + C{x,y) and
I{neighbor) + C{neighbor). 1t the absolute value of DIFF is within a range of vahues as
defined by thresholds T1 and T2, then the correction vahie is updated. For example, whether
T1 > absolute value of DIFF > T2, Thresholds T1 and T2 may be predetermined values. The
corroction value C{x,y) for the current pixel is updated by subtracting a fraction of the DIFF
from the current correction vahlie. The fraction of the DIFF may be computed by dividing
DHFF by a denominator, denom. The denominator denom, T1, and T2 may be inpot values
that are sct, and/or may be predetermined. The correction value of the veighbor Cineighbor}
may be updated by adding the fraction of the DIFF (for example, DIFF/denom) to the cunrent
correction value of the neighbor. 504 1s repeated iteratively for every entry in C, until the

entire table is populated and updated.

(8086 When 504 is applied to a non-moving camera case, T1 is chosen to be a value such

that pixel differences (DIFF) less than T1 are imperceptible to the eye. When 504 is applied
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to a moving camera case, T1 may be chosen 1o be a value such that the amovnt DIFF/denom
18 imperceptible to the eye when the pixel differences (DIFF) is less than T, T2 is chosen to
be smaller than T1 such that pixel differences less than T2 arc so small as to not be worth
correcting. T2 provides a lower Hoott on pixel differonces 1o order to prevent over-
convergence of the algorithm. Using a fraction of DIFF may compensate for temporal noise
and the lack of edge detection, particularly for weak edges, becauvse if the correction values
get updated on a pixel and a neighbor that form a weak edge, the fractional DIFF can make
the correction to the weak edge unnoticeable. In the alternative, as described i other
embodiments using camera movement and edge detection, for weak edges, updating the
correction values for a pixel and its neighbor forming & weak edge may result in blurring the

edge even further,

(80971 According to an embodiment of the present invention, when the camera is moving, a
weak edge that existed on one frame 1 may not be there or may have moved on frame +1, so
the edges may not be blirred, and the correction table update process using edge detection
technigues described herein may be used. On the other hand, if the camera is stationary, and
if a pixel and its neighbos, on this frame, form a weak edge, the iterative correction table
update method may vot noticeably blur the edge since the correction values are updated by

fractions of DIFF.

[8098] Then at 506, when the correction table C is complete, it is added to processed image
I from 502 to result n an ontput image with its non-umiformitics corrected without camera

movement or edge detection.

[6699] It should be appreciated that the specific steps llustrated in FIG. 5 provide a
particular method of updating a correction table when the camera is stationary according to
an ¢mbodiment of the present fnvention. Other sequences of steps may also be performed
according to alternative embodiments. For exanpile, alternative embodiments of the present
mvention may perform the steps outiined above in a different order. Moreover, the individual
steps ilustrated in FIG. 5§ may inchide multiple sab-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore, additional steps may be added
or removed depending on the particular applications. One of ordinary skill in the art would

recognize many variations, modifications, and alternatives.

[B168]  FIG. 6 Ulustrates a simplificd flowchart diagram of updating a correction table

without edge detection according to an embodiment of the present invention, for example, as
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shown at 504 of FIG. 5. The method illustrated in FIG. 6 may be used for both motion-based

and motionless algorithms to update correction table C.

18181} At 601, a current pixel I{x, v} is provided. Subsequently at 602, neighbor correction
vahues of C{x,v) are considered and determined, where C(x,y) is a correction vahug for the
current pixel v}, The method considers gach neighbor of the current pixel before
considering the next current pixel as described herein. Thus, each neighbor pixel of the

current pixel is considered as shown in block 504 of FIG. 5.

[B362] At 604, the difference between the correction value for the current pixel and the
correction value of s neighbor is determined as DIFF. The DIFF may be computed by
taking the difference between Kx,y) + C{x,y) and I{neighbor) + Cineighbor). At 606, itis
determined whether the absolute value of DIFF is within a range of values, for exanple, in a
range between T2 and T1, with T2 being a lower bound and T1 being an upper bound. If
NQ, that s, the DIFF is not within the predetermined range defined by T1 and T2, then the
method makes no update to table C and proceeds to the next neighbor (No path from 606 to
602). After all neighbors have been visited, the method proceeds to the next pixcl as the new

“current pixel” and proceeds again beginuning at block 602,

(85637 I YES, the DIFF is within the range, to update the correction values, at 608, the
corroction value C{x,y) for the current pixel is updated by subtracting a fraction of the DIFF
from the current correction value. The fraction of the DIFF may be DIFF divided by a
denominator. At 614, the correction value of the neighbor C{neighbor) may be updated by
adding the fraction of the DIFF (for example, DIFF/denom) to the current correction value of

the neighbor.

[81¢4] Then, at 612, the next correction value in the correction table is evaluated, and its
neighbor correction values are determined in 602, in which 602-612 arc repeated iteratively

for every entry in C, until the entire table is populated and updated.

18365} In the embodiment shown in FIGS. 4-6, the infrared image correction is performed
without an edge detection first before updating the correction table. Instead 1t determines
DIFF, which is the difference between the pixel and its neighbor. If that difference DIFF 15
less than threshold T1 and greater than another threshold T2, then the correction valie is
updated. For the non-moving camera case, the thresholds T1 and T2 are set very close such
that the range for DIFF is very small. . Therefore, as shown in FIG. 4, when the camera is

not moving, the correction table may still be incrementally updated to produce a fairly clean

)
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mmage to at least prevent the fixed-pattern noise from evolving and negatively affecting the

Tmage.

[6186] For the non-moving camera case, typical valucs for T and T2 may be 5-6 grayscale
values for a 14-bit camera. Input values for T1 and T2 would depend on the bit depths of the
camera. For example, for 14-bits there would be 16,384 grayscale values; thus the range
between T1 and T2 would be 5-6 grayscale values out of 16,384, Although the camera is 14
bits, the camera is not necessarily detecting everything from zero up to 16,383, but may only
be detecting just a small range within that total range. Therefore, these thresholds of 5-6
grayscale values are sct small enough such that edges having these differences would be
undetectable by the human eye. The fixed-paticrn noise starts from zero, but as the camera
heats up or cools down, the fixed pattern noise increases a little bit cach time. These
thresholds allow the fixed patiorn noise to be corrected as it evolves and before it becomes

perceptible.

#1871 For the moving camera case, T1 may be chosen to be a value sach that the amouont
DIFF/denom is imperceptible to the eye when the pixel differences {DIFF) is less than T1.
Accordingly, the correction table update process of FIGS. 5-6 helps to reduce fixed pattern
noise. Because no edge detection 1s performed, some weak edges may be inadvertently
updated, but only weak cdges that are tmperceptible to the human eye. In contrast, strong
edges that are detectable to the human eye typically have a DIFF value of thousands of

grayscale values.

1168] It should be appreciated that the specific steps llustrated in FIG. 6 provide a
particular method of updating a correction table when a camera is stationary according to an
embodiment of the present invention., Other sequences of steps may also be performed
according to alternative embodiments. For example, aliernative embodiments of the present
mvention may perform the steps outlined above in a different order. Moveover, the individual
steps ilustrated n FIG. 6 may include multiple sub-steps that may be performed in various
seqocnces as appropriate to the individual step. Furthermore, additional steps may be added
or removed depending on the particular applications. One of ordinary skill in the art would

recognize many variations, modifications, and alternatives,
(8569 FIG. 7 illustrates a flowchart of a method of correcting infrared images according to
another embodiment of the invention. The maethod may receive a processed image [ at 702,

which comprises multiplying a raw image P with a gain table g and adding an offset table ©.

-]
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The gain table and offset table may be the same size as the raw image, such that ecach entry in

the gain table corresponds to an entry 1n the offset and a pixel in the raw fmage.

[8118) At 704, the method includes determining whether 1 is the first frame. 11t is the firgt
frame, then the method inchudes, at 706, initializing a correction table C, which is also the
same size as raw image P, the gain table g, and the offsct table O. In an embodiment,
corroction table C moay be jnttialized to have all the cotries be zero’s o7 to some
predetermined array of values. Other parameters, such as a mean value of the proccssed
nmage or a counter may also be set to predetermined values. For example, meanimage may
be initialized to I= gP+0 and mean_image cntr may be set to 0. After the correction table C
and other parameters are initialized, then the method proceeds to 708 to determine whether

the camera 15 In motion.

[6111]  If the current 11is not the first frame, the method directly proceeds to 708 to
determine whether the camera is in motion. If the camera is determined to be moving at 708,
then the method proceeds to 710 to determine whether there is motion > T6 where T6 is a
measure of camera motion. For example, if @ motion detector is used to measure camera
motion, T6 might be an accelerometer reading.  1f image processing techniques are used to
detect camera motion, T6 might be in onits of pixels. If motion > T8, then the method further
inchudes, at 712, using a motion-based algorithm to update the correction table C. For
example, the motion-based algoritho used may use prior edge detection as iHustrated in FI1G.
3, and blocks 208 and 210 of FIG. 2. In another embodiment, the motion-based algorithm
may be tmplemented without edge detection, for example, as illustrated in FIG. 6 and block
504 of FIG. 5. The correction table C is then added to processed image 1 to result in

corrected output inage at 714,

(8812} If there is smalf motion < T6 determined at 710, then the method proceeds to 716
such that the roean Image parameter s reset 1o | (= gP + ) and the mean image counter is

reset to {0

18313}  Aliomatively, if at 708, the camera is determined to be stationary, then at 722, the
method can further fnclude computing & percentage change in greyscale value of cach pixe
relative to the corresponding pixel in the mean image (e.g., meanbmage). Then at 724, any
pixel having 3 percentage change greater than a threshold T3 is marked as moving. T3 may
be a predetermined threshold. The number of pixels marked as moving are counted at 726

and saved as the number of pixels that have changed.
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[#114] At 728, when the number of changed pixels has excecded a threshold T4, the mean
nmage parameter may then be veset to [ (= gP + O} (e.g., meanlmage = 1) and the mean image
counter may be reset to 0 (e.g., mean_Image cnir = 0. Alternatively, if the number of
changed pixels has not exceed the threshold T4, then at 739, the mean tage value is set to
the sum of the processed image 1 multiphied by a constant ¢ and a fraction of the previous
mean image value, where constant ¢ is less than 1, and the fraction is 1~ ¢. For example,
meanimage = ol + (1 — ¢ymeanimage. After the mean image value is updated, then the mean

image counter parameter is incremented at 732, T4 and ¢ may be predetermined values.

[#118] If the mean image counter {¢.g., mecan_Image cnir} is greater than a threshold value
T3, then at 720 2 motionless algorithm without edge detection 15 used to update the correction
table C. For example, implementing the method illustrated in FIG. 6 and block S04 of F1G. §
of updating correction table C without edge detection, where the input image is meanbmage
instead of . When the correction table C is updated, then it is added to processed image { to
output corrected output mage at 714, If the mean image counter parameter is less than the
threshold TS, then at 714, the processed image 1 is added to the previogs correction table C to

result in corrected output image. Thresholds T4, T3, and T6 may be predetermined vahies.

[8116] It should be appreciated that the specific steps illustrated in FIG. 7 provide a
particular method of correcting an infrared image according to an cmbodiment of the present
mvention. (Other sequences of steps may also be performed according to alternative
embodiments. For example, alternative embodiments of the present invention may perform
the steps outlined above i a different order. Moreover, the individual steps illustrated in
FI1G. 7 may inchude multiple sub-steps that may be performed in varicus sequences as
appropriate to the individual step. Furthermore, additional steps may be added or removed
depending on the particular applications. One of ordinary skill in the art would recoguize

many variations, modifications, and altematives.

[8117¢  FIG. R itlustrates an example of an input image and its corresponding output image
after correction methods performed according to embodiments of the invention. 802 is an
mput tmage of an actual infrared image with FPA drift, which can be observed as a cross-
hatched pattern in the image. When 802 1s processed using corvection methods described in
the present application, the resubt is 804, where the cross-hatched pattern of the FPA drift is

significantly and visibly reduced.

[8118) FIG. 8 1is a high level schematic diagram illustrating a data processing system upon

which the discicsed cmbodiments may be implemented in cortain embodiments.

Al
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Embodiments may be practiced with various computer system configurations such as infrared
cameras, hand-held devices, microprocessor systems, microprocessor-based or programmable
user clectronics, minicomputers, mainframe computers and the like. As an cxample, the data

processing system can be used to correct an infrared image in conjunction with an nfrared

fe——

ens system 920 as described throughout the present application, for example, providing for
conirol of the imaging functions of the infrared lens system 920. The embodiments can also
be practiced in distributed computing environments where tasks are performed by remote
processing devices that are Honked through a wive-based or wireless network., FIG. 9 shows
one example of a data processing system, such as data processing system 900, which may be
used with the prosent described embodiments. Note that while FIG. 9 illosirates various
components of a data processing system, it 18 not intended to represent any particular
architecture or manwver of interconnecting the components as such details are not germane to
the technigues described herein. It will also be appreciated that network computers and other
data processing systems which have fewer componends or perbaps more corapongcnts may
also be used. The data processing systermn of FIG. 9 may, for example, a personal computer
{(PC), workstation, tablet, smartphong or other hand-held wireless device, or any device

having similar functionality.

[8119] As shown, the data processing system 901 includes a system bas 502 which is
coupled to a microprocessor 903, a Read-Only Memory (ROM) 907, a volatile Random
Access Memory (RAM]} 905, as well as other nonvolatile memory 906, In the illustrated
embodiment, microprocessor 903 is coupled to cache memory 904, System bus 902 can be
adapted to nterconnect these various components together and also mterconnect components
803, 907, 905, and 906 to a display controlier and display device 908, and to peripheral
devices such as input/output (“1/0”) devices 510, Types of /0 devices can include
kevboards, modems, network interfaces, printers, scanners, video cameras, or other devices
well known in the art. Typically, VO devices §1{ are coupled to the systern bus 902 through
1O controliers 909, In one embodiment the VO controller 909 includes a Universal Serial

Bas ("USE”) adapter for controlling USB peripherals or other type of bus adapter.

[6128] RAM 905 can be implemented as dynamic RAM (“DRAM”) which requires power
contionally m order to refresh or raaintamn the data in the memory. The ether nonvolatile
memory 906 can be a magnetic hard drive, magnpetic optical drive, optical drive, DVD RAM,
or other type of memory system that maintains data afier power is removed from the systen.
While FIG. 3 shows that nonvolatile memory 906 as a local device coupled with the rost of

the components in the data processing system, it will be appreciated by skilled artisans that

)
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the deseribed technigues may use 8 nonvolatile memory remote from the system, such as a
network storage device coupled with the data processing system through a network interface

such as 3 modem or Ethernet interface (not shown).

[6121] With these embodiments in mind, it will be apparent from this description that
aspects of the described technigues may be embodied, at least in part, in software, hardware,
firaware, or any combination thereof. It should alse be understood that embodiments can
employ various computer-implemented functions involving data stored in a data processing
system. That is, the techniques may be carried out in a computer or other data processing
system in response executing sequences of instructions stored in memory. In various
embodiments, hardwited circuitry may be used independently, or in combination with
software instractions, to implement these techniques. For instance, the described functionality
may be performed by specific hardware components containing hardwired logic for
performing operations, or by any combination of custom hardware components and
programmed computer components. The techoiques described herein are not Hmited to any

specific combination of hardware circaitry and software.

18122} Embodiments herein may also be in the form of computer code stored ona
compuiter-readable medium. Computer-readable media can also be adapted to store computer
instructions, which when executed by 8 compuier or other data processing system, such as
data processing systera 500, are adapted to cause the system to perform operations according
to the techniques described herein. Computer-readable media can include any mechanism that
stores information in 3 form accessible by a data processing device such as a computer,
network device, tablet, smartphone, or any device having similar functionality. Examples of
computer-readable media include any type of tangible atticle of mamufacture capable of
storing information thereon such as a hard drive, floppy disk, DVD, CD-ROM, magnetic-
optical disk, ROM, RAM, EPROM, EEPROM, flash memory and equivalents thereto, a
magnetic or optical card, or any type of media suitable for storing electronic data. Computer-
readable media can also be distributed over a network-coupled computer system, which can

be stored or executed 1n a distributed fashion.

1831231 1t is also understood that the examples and embodiments described herein are for
iHhustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of

this application and scope of the appended claims.

)
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WHAT IS CLAIMED IS:

1. A method of correcting an infrared image, the method comprising:
providing a processor;
receiving the tnfrared image from a thermal camera, the infrared image
comprising a plurality of pixels arranged in an input image array, a first pixel in the phrality
of pixcls having a first pixel value and one or more neighbor pixels with one or more
neighbor pixel valoes, wherein the first pixel and the one or more neighbor pixels are
associated with an object in the infrared image, the one or more neighbor pixels being
adjacent to the first pixel in the input image array;
updating, by the processor, a correction array having a plurality of correction
pixel vahues, wherein the correction array is updated by, for cach correction pixel vahue:
determining correction pixel values for the one or more neighbor
pixels;
computing a difference between a first correction value of the first
pixel value and one or more correction pixel values for the one or more neighbor pixels;
updating the correction pixel value using the computed ditference; and
providing an output image array based on the correction array and the mput

fmage array.

2. The method of claim 1 wherein computing the difference comprises
computing a difference between the first correction value and each of the correction pixel

values for the one or more neighbor pixels.

3. The method of elaim | wherein updating the correction array further

comprises determining that an absolute value of the difference is within a range.

4. The method of clairo 1 further conprising detormining that the camera
is not moving.
5. The method of ¢claim 4 wherein determining that the camera is not

moving comprises using a motion sensor in the infrared camera.

6. The method of claim 4 wherein determuning that the camera is not
moving comprises using image processing-based techniques.
7. The method of claim | wherein the range is defined by a lower

threshold and an upper threshold that are predetermined vahies.

28



R
¢

JFS]

(o]

6

]

N2 98]

(S e

[ R Y I )

N

9
10
ii

WO 2014/144492

PCT/US2014/028922

8. The method of claim 7 wherein updating the corrected pixel values in
the correction array comprises:

adding a fraction of the difference to a previous neighbor correction value to
update a neighbor correction value; and

subiracting the fraction of the difference from a previous correction value to

update a correction value.

9. The method of claira 8 wherein the fraction of the difference comprises

dividing the difference by a denominator, wherein the denominator is a predetermined value.

3. The method of claim 1 wherein the first correction value of the first
pixel value is a summation of the first pixel valoe and a previcus first correction valae, and
wherein the neighbor correction value for cach neighbor pixel value is a summation of the

neighbor pixel value and a previous neighbor correction value.

11.  The method of claim 1 wherein providing the output image table
corprises summing corresponding pixel values from the input image array and the correction

array.

12, The method of claim 1 wherein the image received from the camera is
a raw image, and the input image array comprises multiplying the raw image by a gain array,

wherein the gain array is a predetermined array of values.

13, The method of claim 1 wherein the input image array further

conmprises adding an offset array, wherein the offsct array 18 a predeterodned array of values.

4. A method of correcting an infrared image, the method comprising:

providing a processor;

receiving the infrared image from a camera, the infrared image comprising a
plurality of pixels arranged in an input tmage array, a first pixel in the plorality of pixcls
having = first pixel value and one or more neighbor pixel with one or more neighbor pixel
values, wherein the first pixel and the one or more neighbor pixels are associated with an
object in the image, the one of more neighbor pixels being adjacent to the first pixel in the
inpui image array;

providing a correction array having a plurality of correction pixel values;

generating a corrected image array by adding the first pixel value to a

correction pixel value in the correction array;
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detecting edges m the corrected image array;

masking the detected edges in the corrected image array;

updating, by the processor, the correction array by, for cach correction pixel
value in the correction array: and

providing an output image array based on the correction array and the input

fmage array.

15, The method of claim 14 further comprising determining that the

CRrera is moving.

16.  The method of claim 14 wherein updating the correction array
comprises:

deternrining that the first pixel value is not an edge;

for each of the one or more neighbor pixels valoes, determining that the
neighbor pixel valoe is not an edge;

computing a difference between the first pixel value and the one or more
neighbor pixel values; and

updating the corrected pinel vahies based on the difference.

17, A method of correcting an infrared mage, the method comprising:
providing a processos;
receiving the infrared image from a thermal camera, the infrared image
comprising a plurality of pixels arranged in an input tmage arvay, a first pixel in the plality
of pixels having a first pixel value and one or more neighbor pixel with one or more neighbor
pixel values, wherein the first pixel and the one or more neighbor pixels are associated with
an obiect in the image, the one o7 more veighbor pixels being adjacent 1o the first pixel in the
mput Image arvay;
updating, by the processor, a correction array having a plurality of correction
pixel values, wherein the correction array s updated by, for cach correction pixel value:
determining that the first pixel valae 1s not an edge;
for each of the one or more neighbor pinels values, determining that
the neighbor pixel value is not an edge;
computing a difference between the first pixel value and the one or
more neighbor pixel value; and

determining the correction pixel vahie based on the difference; and

30
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providing an output image array based on the correction array and the mput

Hage array.

I8  The method of elaim 17 fuwther comprising determining when the

camera is moving.

19, The method of claim 17, wherein updating the correction pixel values
in the correction array comprises:

adding the difference to & previous neighbor correction vakue to update 2
neighbor correction value; and

subtracting the difference from a previous correction value to update a

correction vahie.

20, The method of claim 19 wherein a sum of the first portion of the

difterence and the second portion of the difference is equal to the difference.

21, The method of ¢laim 17, further comprising:
rather than deternrining that the first pixel value is not an edge, determining
that the first pixel is an edge pixel; and

assigning a mask to the first pixel.
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