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Create an initial radial histogram, of a baseline pattern digital image, comprising
a first plurality of elements, wherein each of the elements of the initial radial
histogram is assigned a value of a number of pixels having a value that meets a
pre-defined threshold criteria, and that are located in a sector of a circle defined
to cover a portion of the baseline pattern digital image, wherein the sector is
assaciated with the element.

206
Recsive a target digital image.

Create a target radial histogram, of the target digital image, comprising
a second plurality of elements, wherein each of the elements of the
target radial histogram is assigned a value of a number of pixels having
a value that meets a pre-defined threshold criteria, and that are located
in a seclor of a circle defined to caver a portion of the target digital
image. wherein the sector is associated with the element, wherein each
pixel, located within the covering circle, that has a value that meets the
pre-defined threshold criteria is counted in only one of the elements of
the target radial histogram.

i

Gompare, based on scale norming, the target radial histogram with the
initial radiial histogram and each of a pluralty of rotated radial
histograms, wherein the plurality of rotated radial histograms are
created based on the initial radial histogram.

212\\( l

Determine which of the initial radial histogram and the rotated ‘
214 H

208 —~_|

210 ~_|

radial histograms best match the target radial histogram.

1

Align the input digital image to the baseline pattern digital
image based on the identity of the best match.

Figure 5

target radial histogram by identifying pixels in an input digital image that are
determined to be on, traversing each of the pixels in the input digital image
one time to determine how many of the pixels that are turned on are contained
in each sector of a circle and assigning to each elements of the target radial
histogram the number of on pixels in that element. The system may also com-
pare the target radial histogram to each of an initial and a sequence of rotated
radial histograms to determine a match score for each of the comparisons, and
identify an offset rotation between a baseline pattern digital image and the in-
put digital image based on the match scores.
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RADIAL HISTOGRAM MATCHING

BACKGROUND

[0001] Digital images may be created by, for example, digital cameras and then
processed by computers in a variety of ways. Two different digital images may
be compared with each other using automated machine processes to determine
similarities and differences between the images. For example, two different
digital images may be compared to determine if they are substantially identical or
contain an identical object. Digital images may be stored in a variety of formats
and may be transcoded from one format into another format, for example in a
format that supports more efficient storage and electronic communication
transport of the digital image. Digital images may represent an image as an array
or matrix of pixels or picture elements. Each pixel may have a value or a plurality
of values that represent the subject picture element of the subject image (e.g., a
small picture element of an image of a cat) as an integer value. For example, a
grey scale digital image may represent each pixel element as an integer in the
range of 0 to 255, where 0 is black, 255 is white, and intermediate numbers are
intermediate between black and white. Alternatively, a color image may
represent each pixel element by three integer values, each integer value
representing the intensity of the color tone in one of a set of primary colors, such
as red, green, and blue. Other value ranges are used in different circumstances.

BRIEF DESCRIPTION OF THE DRAWINGS
[0002] For a detailed description of various examples, reference will now be
made to the accompanying drawings in which:
[0003] Figure 1 shows a digital image processing system in accordance with
various examples;
[0004] Figure 2A shows another digital image processing system in accordance
with various examples;
[0005] Figure 2B shows yet another digital image processing system in
accordance with various examples;
[0006] Figure 3 shows a circular area used in a digital image processing scan in

accordance with various examples;
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[0007] Figure 4A, Figure 4B, Figure 4C, and Figure 4D show different aspects
of a digital image processing operation in accordance with various examples;
[0008] Figure 5 shows a flow of a method in accordance with various examples;
[0009] Figure 6 shows a radial histogram matching system in accordance with
various examples; and
[0010] Figure 7 shows a non-transitory storage device in accordance with
various examples.

DETAILED DESCRIPTION
[0011] Certain terms are used throughout the following description and claims to
refer to particular system components. As one skilled in the art will appreciate,
different companies may refer to a component by different names. This
document does not intend to distinguish between components that differ in name
but not function. In the following discussion and in the claims, the terms
“‘including” and “comprising” are used in an open-ended fashion, and thus should
be interpreted to mean “including, but not limited to... .” Also, the term “couple” or
‘couples” is intended to mean either an indirect or direct wired or wireless
connection. Thus, if a first device couples to a second device, that connection
may be through a direct connection or through an indirect connection via other
devices and connections.
[0012] When processing and/or comparing digital images it may be desirable to
align a digital image before processing. Automatically aligning an input digital
image with a baseline digital image before comparing the two images can
improve the accuracy of the comparison. Alignment can be performed by rotating
one digital image with respect to the other digital image, translating one digital
image in 2-dimensions (e.g., in an x-axis direction and in a y-axis direction) with
respect to the other digital image, or both rotating and translating one digital
image with reference to the other digital image. Another digital image processing
operation that may be performed before comparing two images is to adapt the
scale of the two images so that the two images are compared according to a
common scale. A variety of practical applications may involve this kind of pre-
comparison alignment processing and scale processing. Several examples of
applications are discussed below.
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[0013] This disclosure teaches a novel creation of a radial histogram based on a
digital image. Each pixel of a digital image is identified that has a pixel value that
satisfies a pre-defined value threshold (e.g., has a value equal to or greater than
90 in a pixel value range from 0 to 255). Such pixels satisfying this condition are
deemed “on” and may be referred to as on pixels or as on-pixels. A circular area
of the digital image is selected and analyzed to produce a radial histogram, for
example using machine instructions executed by a processing resource to
automatically select and analyze on-pixels within the circular area of the digital
image. The radial histogram comprises elements or values that correspond to
sectors of the circular area. In an example, the radial histograms have 360
sectors, each sector subtending 1 degree. Every on-pixel that is located in a
sector is counted and the count is assigned as the value of the corresponding
element of the radial histogram. Each pixel is counted only once in at least some
implementations, which enhances the accuracy of the histogram and improves
the process of scaling of digital images. In an example, during the process of
generating the radial histogram of a digital image, the maximum count of on-
pixels in any element, the minimum count of on-pixels in any element, and the
difference between the maximum count of on-pixels and the minimum count of
on-pixels are determined. The difference between the maximum count of on-
pixels and the minimum count of on-pixels may be referred to as the range of the
histogram. The range may be used to scale between two different radial
histograms being compared.

[0014] A radial histogram like that described above may be rotated by shifting
the starting point or the index into the histogram. For example, a radial histogram
comprising 360 elements can be rotated by one degree shifting the original first
element to be the new second element, shifting the second original element to be
the new third element, and so on, and shifting the original 360" element to be the
new first element. Any rotation may be performed by shifting the index
accordingly. It is to be noted that this rotation need not involve moving the stored
values of the elements but only shifting the index into a data structure (for

example a circular data structure) containing the elements.
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[0015] In an example, the baseline digital image is processed to generate an
initial radial histogram. The initial radial histogram is then used to create
histograms for each of the possible rotations of the radial histogram. For
example, if the radial histogram has 360 elements, the initial radial histogram is
generated and 359 different rotated radial histograms are generated from the
initial radial histogram, each rotated radial histogram representing a one degree
shift. The initial radial histogram and 359 rotated histograms may be stored once
and used many times. In an example, the initial radial histogram is generated
from a digital image of a tire tread pattern. The same tire tread pattern may be
present on a large number of in-use tires on vehicles.

[0016] In an example, an input digital image is processed to generate a target
radial histogram. The input digital image and the baseline digital image (to which
the input digital image may be compared) may be images of substantially the
same object or pattern in the world, but the images may be rotated, translated or
out of scale with respect to each other. For example, a picture (e.g., the input
digital image) taken of a tire tread pattern on a tire of a car may be rotated relative
to the baseline digital image of the same tire tread pattern. Additionally, the
picture may be translated relative to the baseline digital image of the same tire
tread pattern. Finally, if the picture taken of the tire tread pattern on the tire of the
car is taken either closer or farther away relative to the baseline digital image of
the tire’s tread, the scales of the two images may be different. These factors tend
to impair successful pattern matching between digital images of the same object
(e.g., a tire tread pattern).

[0017] In accordance with the disclosed implementations, the target radial
histogram may be compared with each of the initial radial histogram and the
rotated radial histograms. The best match identifies the rotational offset between
the input digital image and the baseline digital image. Additionally, the same
process can be used, by panning the circular analysis area across the target
digital image and comparing the resultant target radial histogram to the initial
radial histogram and the rotated radial histograms to find the best match between
the input digital image and the baseline digital image. The comparisons may be
performed taking scale offsets into account based on the range. When the
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rotational offset, translational offset, and scale offset between the input digital
image and the baseline digital image are known, the input digital image and the
baseline digital image can be aligned properly for further digital image processing.
For example, the process may compare features on the input digital image of a
tire tread patter to corresponding tire tread features on the baseline digital image
of the tire tread pattern to determine an amount of tire tread wear and/or
remaining tread life of a tire that is the subject of the input digital image.

[0018] Figure 1 shows a system 100 for digital image processing based on
radial histograms, for example aligning an input digital image with a baseline
digital image based on radial histograms of the digital images. This may have
applications generally in automated shape recognition in digital images or in
automated pattern recognition in digital images. In an example, the system 100
comprises a processor 102 coupled to memory 104. In an example, the system
100 may be a computer system such as a server computer. The memory 104
may store an application 106 which comprises machine instructions. The
application 106 may also be referred to as a processing engine or as a plurality of
processing engines. The application 106 may provide a variety of digital image
processing operations, as discussed herein. All references herein to the
functionality of the application 106 mean the processor 102 executing the
application 106.

[0019] In an example, the application 106 may receive or access a baseline
digital image, process it to generate an initial radial histogram 108, generate a
plurality of rotated radial histograms 110 that are automatically rotated versions of
the initial radial histogram, as will be described in more detail hereinafter. The
application 106 may receive an input digital image, process it to generate a target
radial histogram 112, and compare the target radial histogram 112 to each of the
initial radial histogram 108 and the rotated radial histograms 110 to identify one
radial histogram that compares most closely with the target radial histogram 112.
The radial histogram that best matches to the target radial histogram 112 implies
a rotational offset between the input digital image and the baseline digital image.
For example, if a rotated radial histogram that is rotated 30 degrees with
reference to the initial radial histogram 108 matches best to the target radial
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histogram 112, that indicates that the input digital image is rotated about 30
degrees relative to the baseline digital image. To perform further digital image
processing of the input digital image relative to the baseline digital image, the
input digital image may be corrected, for example by digitally rotating the input
digital image by a negative 30 degrees. Alternatively, the baseline digital image
could be digitally rotated a positive 30 degrees.

[0020] In an example, the initial radial histogram 108 and rotated radial
histograms 110 may be generated by the application 106 and stored in memory
outside the system 100, for example in a data store external to the system 100.
Alternatively, the initial radial histogram 108 and rotated radial histograms 110
may be generated by a different application executed on a different computer
system and stored in a data store external to the system 100. The initial radial
histogram 108 and rotated radial histograms 110 of the baseline digital image
may be generated once and stored for use many times in aligning an input digital
image to the baseline digital image.

[0021] Figure 2A shows a second system 120 that exemplifies one practical use
of radial histograms in shape recognition or pattern recognition. The second
system 120 comprises a digital camera 122 that takes a picture of an external
object 124 to form an input digital image 126. While Figure 2A illustrates the
external object 124 as a cat, any object may be used.

[0022] The second system 120 further comprises a server computer 130. The
digital camera 122 may transmit the input digital image 126 to the server
computer 130 for digital image processing. The digital camera 122 may transmit
the input digital image 126 via a network 128 to the server 130. The network 128
may comprise a public network, a private network, or a combination of networks.
The digital camera 122 may be linked to the network through other nodes (not
shown). For example, the digital camera 122 may download the input digital
image 126 to a desktop computer (not shown) or a laptop computer (not shown),
and the computer may transmit the input digital image 126 via wired and/or
wireless links to the network 128 and thence to the server 130. Alternatively, the
digital camera 122 may be embedded in a mobile communication device such as
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a mobile phone, and the mobile communication device may transmit the digital
image 126 to the network 128 via wireless and wired links.

[0023] The server 130 comprises a central processing unit (CPU) 136 and a
memory 138 that stores an application 140. The CPU 136 may be substantially
similar to the processor 102 in Figure 1; the memory 138 may be substantially
similar to the memory 104 in Figure 1; the application 140 may be substantially
similar to the application 106 in Figure 1. The second system 120 further
comprises a data store 132 that stores radial histograms 134, for example the
initial radial histogram 108 and the rotated radial histograms 110. The data store
132 may store a plurality of initial radial histograms and the rotated radial
histograms associated with each of the initial radial histograms. The data store
may also store a plurality of baseline digital images 135 from which each of the
initial radial histograms 134 may be generated.

[0024] In an example, the application 140 may perform some of the digital
image processing in a graphics processor unit (GPU) 142. The application 140
may perform the compares between a target radial histogram and each of the
initial radial histogram and the rotated radial histograms in parallel in the GPU
142.

[0025] The application 140 may use the matching of the target radial histogram
to the initial radial histogram and the rotated radial histograms to align the input
digital image to the baseline digital image and then to perform further digital
processing between the aligned input digital image and the baseline digital image.
For example, a lost cat that corresponds to the external object 124 may be
matched to an image of a cat reported as lost in a lost pet data store.
Alternatively, a pattern located on an object to be automatically processed or
handled in a manufacturing system or inventory control system may be
photographed to produce the input digital image 126 and compared using radial
histograms to align to a baseline digital image of a like pattern. The alignment of
the input digital image 126 to the baseline digital image in this example may
promote automatically processing or handling of the object. The teachings of the
present disclosure have a wide range of applications.
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[0026] Figure 2B shows the second system 120 in a different practical use of
radial histograms in shape recognition or pattern recognition. A tire 146 is
photographed by the digital camera 122 to create an input digital image 148. The
application 140 may generate a target radial histogram by performing digital
image processing of the input digital image 148. The application 140 may then
compare the target radial histogram of the input digital image 148 to an initial
radial histogram and associated rotated radial histograms, where the initial radial
histogram has been generated by digital image processing of a baseline digital
image of a tire tread pattern. For example, the baseline digital image may be a
picture of a brand new tire of a specific make and model. The input digital image
148 may be a picture of a used tire of the same specific make and model, for
example a tire mounted on a wheel of a car driven by a user of a mobile phone in
which the digital camera 122 is embedded.

[0027] The application 140 determines the best match between the target radial
histogram and the initial and rotated radial histograms, and uses this best match
to determine a possible rotational alignment of the input digital image 148 and the
baseline digital image. In practice some additional alignments and
compensations may be desirably performed before further processing the input
digital image 148. For example, the compare process described above may be
repeated while scanning across the input digital image 148 in a horizontal axis
and in a vertical axis (x-axis and y-axis) to find a best match. This position of best
match may be used to translate the input digital image 148 relative to the input
digital image. Additionally, the scale of the input digital image 148 may be
adapted to compare more accurately with the baseline digital images. These
operations are described in further detail hereinafter.

[0028] When rotationally aligned, translationally aligned, and scaled, the input
digital image 148 and the baseline digital image may be analyzed to determine a
ratio between a tread height of the tire 146 and the tread height of another tire of
the same make and model. For example, a ratio of 1:10 may indicate that the tire
146 has reached an end of the life of the tire and a ratio of 2:10 may indicate that
12% of the tire life remains. This information may be used to recommend to a
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driver of the vehicle on which the tire 146 is mounted to bring the vehicle in to
replace the tire 146 with a new tire.

[0029] Figure 3 shows some digital image processing of the input digital image
148. A circular area 160 is logically positioned over the extent of the larger input
digital image 148, and the digital image in the area covered by the circular area
160 is processed according to a digital image processing operation to create a
radial histogram. For example, all the pixels of the input digital image 148 that
are determined to be located within the circular area 160 are processed or
analyzed according to a digital image processing operation to create a radial
histogram. The circular area 160 may be defined by a pixel that serves as an
origin or center of the circular area 160 and by a maximum radius (PRmax). In an
example, the maximum radius may be designated in numbers of pixels.

[0030] In another example, the input digital image 148 may be processed by a
different abstract shape defined to cover a portion of the digital image. For
example, an annular structuring element (SE) may be defined by a center, a
maximum radius (PRmax), and a minimum radius (PRmin).

[0031] The center of the circular area 160 may be logically positioned over
every pixel of the input digital image 148 sequentially and a target radial
histogram generated for each positioning. In an example, some optimizations
may be employed. For example, the generation of radial histograms may be
done locating the center circular area 160 so the whole circular area is within the
input digital image 148, for example at least a radius of the circle inside a
perimeter of the input digital image 148. In another example, the center of the
circular area 160 may be offset each sequential time by two pixels, by three
pixels, by four pixels, or some other number of pixels, whereby the number of
radial histograms generated may be reduced. This process can be referred to as
scanning, for example scanning in an x-axis 162 and scanning in a y-axis 164.
[0032] Figure 4A shows the circular area 160 logically covering a portion of the
input digital image 148. A portion of a tread pattern 166 covered by the circular
area 160 is shown. The circular area 160 is logically partitioned into a plurality of
sectors 1-12. The number of pixels in the digital image 148 that are deemed on-
pixels in each of the sectors are counted, and elements of the histogram are
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given a value corresponding to the number of on-pixels counted in the element.
The sectors may be defined by a minimum angle (Dmin) and a maximum angle
(Dmax) associated with the sector.

[0033] Figure 4B shows a radial histogram 170. Each element is assigned a
value represented by the height of a cross-hatched bar. The value of each
element corresponds to the number of on-pixels counted in each sector 1-12. In
an example, the input digital image 148 may be analyzed to create a matrix that
represents all the on-pixels and all the off-pixels, for example a matrix having as
many elements as the input digital image 148 has pixels, and the matrix of on-
pixels may be analyzed to determine the radial histogram. Each pixel of the input
digital image 148 may be analyzed to determine if a value of the pixel meets or
exceeds a pre-defined criterion, for example if a grey scale value of the pixel that
may range from O to 255 is at least 90 or more. Alternatively, the pre-defined
threshold may be a red color value of the pixel that may range from 0O to 255 is at
least 90 or more. In other examples, other pixel value categories may be used
and different pre-defined criteria may be used.

[0034] The generation of the radial histograms disclosed herein count any pixel
in only one of the sectors 1-12. Counting pixels only once may increase the
accuracy of the radial histograms and contribute to more accurate matching
between the target radial histogram and the initial and rotated radial histograms.
In an example, the processing of the radial histogram is conducted by traversing
all of the pixels one-by-one. Because a pixel is not processed again after initial
traversing, the double counting or over counting of pixels in generating the radial
histogram is avoided.

[0035] Figure 4C and Figure 4D illustrate the processing a radial histogram to
generate a rotated radial histogram. The process may be performed by shifting
each element from a source histogram circularly by one sector. Thus, the
unshifted value of the first element becomes the shifted value of the second
element, the unshifted value of the second element becomes the shifted value of
the third element, and the unshifted value of the twelfth element becomes the
shifted value of the first element. A radial histogram 172 conceptually illustrates
the radial histogram 170 rotated by one sector. A variety of approaches to
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performing this digitally may be employed. Separate blocks of memory may
contain rotated radial histograms, by copying to shifted locations. Alternatively,
rotated radial histograms may be stored as an index into a circular data structure.
[0036] While Figure 4A shows a circular area 160 that is partitioned into 12
sectors, in other examples the circular area 160 may be partitioned into different
numbers of sectors. In an example, the circular area 160 is partitioned into 360
sectors, each sector subtending about 1 degree. The radial histograms 170 and
172 are conceptually illustrated by bar graphs, but it is understood that the radial
histograms may be stored in any suitable data structure, for example in a circular
data structure, in an array, or in another data structure.

[0037] Figure 5 shows a method 200. The method may be performed by the
hardware described herein (e.g., the hardware of Figures 6 and 7). At block 202,
create an initial radial histogram, of a baseline pattern digital image, comprising a
first plurality of elements, wherein each of the elements of the initial radial
histogram is assigned a value of a number of pixels having a value that meets a
pre-defined threshold criteria, and that are located in a sector of a circle defined
to cover a portion of the baseline pattern digital image, wherein the sector is
associated with the element. In an example, each pixel located within the
covering circle that has a value that meets the pre-defined threshold criteria is
counted in only one of the elements of the initial radial histogram. In an example,
a plurality of rotated radial histograms may be created based on the initial radial
histogram, where the rotated radial histograms are comprised of element values
assigned shifted values of the element values of the initial radial histogram. At
block 206, receive a target digital image.

[0038] At block 208, create a target radial histogram, of the target digital image,
comprising a second plurality of elements, wherein each of the elements of the
target radial histogram is assigned a value of a number of pixels having a value
that meets a pre-defined threshold criteria, and that are located in a sector of a
circle defined to cover a portion of the target digital image, wherein the sector is
associated with the element, wherein each pixel located within the covering circle
that has a value that meets the pre-defined threshold criteria is counted in only
one of the elements of the target radial histogram. At block 210, compare, based
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on scale norming, the target radial histogram with the initial radial histogram and
each a plurality of the rotated radial histograms, wherein the plurality of rotated
radial histograms are created based on the initial radial histogram.

[0039] For example, for each of the target radial histogram and the initial radial
histogram a maximum value of an element may be determined, a minimum value
of an element may be determined, and a range of the radial histogram may be
determined as the difference between the maximum value and the minimum
value. If the physical scaling of the input digital image is not the same as the
physical scaling of the baseline digital image, the range of the radial histograms
will be different. The radial histograms may be scaled to each other based on
their respective ranges. For example, if the range of the target radial histogram is
2 times the range of the initial radial histogram, the values of the elements of the
target radial histogram may be divided by 2 before comparing to the elements of
the initial radial histogram and the rotated radial histograms. It is noted that the
range of the rotated radial histograms will be the same as the range of the initial
radial histogram, as these histograms contain the same values merely shifted to
different elements. At block 212, determine which of the initial radial histogram
and the rotated radial histograms best match the target radial histogram.

[0040] In an example, the method 200 may further determine that the best
match satisfies a pre-defined alignment threshold. The processing may comprise
determining how many angle sectors of the target radial histogram match exactly
to the associated angle sectors of the compared radial histogram and determining
that at least 90% of the angle sectors match exactly, 95% of the angle sectors
match exactly, 99% of the angle sectors match exactly, or some other criterion.
Alternatively, rather than counting exact matches, near exact matches may be
counted.

[0041] At block 214, align the input digital image to the baseline pattern digital
image based on the identity of the best match.

[0042] Figure 6 shows a radial histogram matching system 250 that comprises
a target radial histogram generation engine, a comparison engine 254, and an
identification engine 256. In an example, the target radial histogram generation
engine 252 generates a target radial histogram by identifying pixels in the input
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digital image that are determined to be on based on a value of the pixel meeting a
pre-defined threshold criteria, traversing each of the pixels in the input digital
image one time to determine how many of the pixels that are turned on are
contained in each of a plurality of sectors of a circle and assigning to each of a
plurality of elements of the target radial histogram the number of on pixels in that
element, wherein the plurality of sectors comprise the whole circle, and wherein a
pixel that is on is counted in only one sector. In an example, the comparison
engine to compare the target radial histogram to each of an initial radial histogram
and a sequence of rotated radial histograms to determine a match score for each
of the comparisons. In an example, the identification engine to identify an offset
rotation between the baseline pattern digital image and the input digital image
based on the match scores. Each of the engines 252-256 of Figure 6 is
implemented as a processor executing machine instructions.

[0043] Figure 7 shows a non-transitory storage device 260 comprising various
software modules 264-276 which include machine instructions executable by a
processing resource 280. The processing resource 280 may comprise a single
processor, multiple processors, a single computer, or a network of computers. In
an example, the processing resource may comprise one or more graphical
processing units (GPUs). Each software module 264-276 provides functionality
upon execution by the processing resource 280. Any reference herein to
functionality performed by a particular module means the processing resource
280 executing the corresponding module. The various modules may be
combined into one overall application or the functionality described herein as
attributed to the modules may be implemented with fewer or more than the
modules shown in the example of Figure 7. The non-transitory storage device
260 may include volatile memory (e.g., random access memory), non-volatile
storage (e.g., magnetic storage, optical storage, solid state storage), or
combinations thereof.

[0044] Each engine 252-256 of Figure 6 is implemented as the processing
resource 280 executing one or more of the software modules 264-276.

[0045] Referring still to Figure 7, the pixel identification module identifies pixels
in a baseline pattern digital image that are determined to be on based on a value



WO 2016/014020 PCT/US2014/047441

14

of the pixel meeting a pre-defined threshold criterion. The pixel traversal module
268 traverses each of the pixels in the baseline pattern digital image one time to
determine how many of the pixels that are turned on are contained in each of 360
sectors of a circle. Each sector may subtend a degree of angle. For an
implementation in which sector subtends a single degree, 360 sectors comprise
the whole circle. A pixel that is on is counted in only one sector.

[0046] The assignment module 270 assigns to each of 360 elements of an initial
radial histogram the number of on pixels in that element. The determination
module 272 determines a maximum number of pixels counted in the 360
elements of the initial radial histogram, a minimum number of pixels counted in
the 360 elements of the initial radial histogram, and a range of the initial radial
histogram. The determined range is the difference between the maximum
number of pixels and the minimum number of pixels counted in the 360 elements
of the target radial histogram. The histogram generation module 274 generates
359 rotated radial histograms from the initial radial histogram by shifting the
values of the initial radial histogram a number of elements based on the
sequence position of each rotated radial histogram. The pixel identification
module 264 identifies pixels in an input digital image that are determined to be on
based on a value of the pixel meeting the pre-defined threshold criterion.

[0047] The pixel traversal module 268 also traverses each of the pixels in the
input digital image one time to determine how many of the pixels that are turned
on are contained in each of 360 sectors of a circle. Each sector may subtend a
degree of angle, and, as explained above, the 360 sectors comprise the whole
circle, and wherein a pixel that is on is counted in only one sector and to assign to
each of 360 elements of the target radial histogram the number of on pixels in
that element. The determination module 272 determines a maximum number of
pixels counted in the 360 elements of the target radial histogram, a minimum
number of pixels counted in the 360 elements of the target radial histogram, and
the range of the target radial histogram (i.e., the difference between the maximum
number of pixels and the minimum number of pixels counted in the 360 elements

of the target radial histogram).



WO 2016/014020 PCT/US2014/047441

15

[0048] The match score module 276 determines 360 match scores, where each
match score is determined by comparing the target radial histogram to a different
one of the initial radial histogram and the 359 rotated radial histograms, wherein
the comparisons take into account a scaling factor based on the ratio of the range
of the initial radial histogram and the range of the target radial histogram. The
match score module 276 also identifies an offset rotation between the baseline
pattern digital image and the input digital image based on the match scores.

[0049] The above discussion is meant to be illustrative of the principles and
various embodiments of the present invention. Numerous variations and
modifications will become apparent to those skilled in the art once the above
disclosure is fully appreciated. It is intended that the following claims be

interpreted to embrace all such variations and modifications.
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CLAIMS
What is claimed is:
1. A radial histogram matching system, comprising:

a target radial histogram generation engine to generate a target radial
histogram by identifying pixels in an input digital image that are
determined to be on based on a value of the pixel meeting a pre-
defined threshold criteria, traversing each of the pixels in the input
digital image one time to determine how many of the pixels that are
turned on are contained in each of a plurality of sectors of a circle
and assigning to each of a plurality of elements of the target radial
histogram the number of on pixels in that element, and wherein the
plurality of sectors comprise the whole circle,

a comparison engine to compare the target radial histogram to each of an
initial radial histogram and a sequence of rotated radial histograms
to determine a match score for each of the comparisons, and

an identification engine to identify an offset rotation between a baseline
pattern digital image and the input digital image based on the match

Scores.

2. The system of claim 1, wherein a pixel that is on is counted in only one
sector by the target radial histogram generation engine to generate a target radial
histogram.

3. The system of claim 1, wherein the target radial histogram generation
engine application further generates a plurality of target radial histograms based
on centering the circle used for creating the histograms at different pixels within
the input digital image, wherein the comparison engine further compares each of
the plurality of target radial histograms to each of the initial radial histogram and
the rotated radial histograms to determine the match scores for each of the
comparisons, and wherein the identification engine further identifies a translation
between the baseline pattern digital image and the input digital image based on
the match scores.
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4. The system of claim 1, wherein the comparison engine determines the
match scores for each of the comparisons further based on scale norming of the

histograms.

5. The system of claim 1, wherein the comparison engine uses a graphics
processor unit (GPU) to compare the target radial histogram to each of the initial
radial histogram and the sequence of rotated histograms.

6. A non-transitory storage device including machine instructions that, when
executed by a processing resource, cause the processing resource to:

identify pixels, in a baseline pattern digital image and in an input digital
image, that are determined to be on based on a value of a
respective pixel meeting a pre-defined threshold criterion;

traverse each of the pixels in the baseline pattern digital image and in the
input digital image one time to determine how many of the pixels
that are on are contained in each of 360 sectors of a circle, wherein
each sector subtends a degree of angle, and wherein the 360
sectors comprise the whole circle;

assign to each of 360 elements of an initial radial histogram, and to each
of 360 elements of a target radial histogram, the number of on
pixels in that element;

determine a range of the initial radial histogram as a difference between a
maximum number of pixels and a minimum number of pixels
counted in the 360 elements of the initial radial histogram;

determine a range of the target radial histogram as a difference between a
maximum number of pixels and a minimum number of pixels
counted in the 360 elements of the target radial histogram;

determine 360 match scores, where each match score is determined by
comparing the target radial histogram to a different one of the initial
radial histogram and 359 rotated radial histograms, wherein the
rotated radial histograms are generated based on the initial radial
histogram, and wherein the comparisons take into account a
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scaling factor based on a ratio of the range of the initial radial
histogram and the range of the target radial histogram; and
identify, based on the match scores, an offset rotation between the

baseline pattern digital image and the input digital image.

7. The non-transitory storage device of claim 6, wherein a pixel that is on is

counted in only one sector.

8. The non-transitory storage device of claim 6, wherein the machine
instructions, when executed by the processing resources, further cause the
processing resource to:
determine a maximum number of pixels counted in the 360 elements of
the initial radial histogram;
determine a minimum number of pixels counted in the 360 elements of the
initial radial histogram;
determine a maximum number of pixels counted in the 360 elements of
the target radial histogram; and
determine a minimum number of pixels counted in the 360 elements of the

target radial histogram.

9. The non-transitory storage device of claim 6, wherein the machine
instructions, when executed by the processing resources, further cause the
processing resource to generate 359 rotated radial histograms from the initial
radial histogram by shifting the values of the initial radial histogram a number of
elements based on the sequence position of each rotated radial histogram and
further cause the processing resource to determine a 2-dimensional translation
offset between the baseline pattern digital image and the input digital image

based on the match scores.

10. The non-transitory storage device of claim 6, wherein the comparisons
between of the target radial histogram to each of the initial radial histogram and
the 359 rotated radial histograms are performed concurrently.
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11. A method of aligning an input digital image to a baseline pattern digital
image, comprising:

creating an initial radial histogram, of a baseline pattern digital image,
comprising a first plurality of elements, wherein each of the
elements of the initial radial histogram is assigned a value of a
number of pixels having a value that meets a pre-defined threshold
criteria, and that are located in a sector of a circle defined to cover a
portion of the baseline pattern digital image, wherein the sector is
associated with the element;

receiving a target digital image;

creating a target radial histogram, of the target digital image, comprising a
second plurality of elements, wherein each of the elements of the
target radial histogram is assigned a value of a number of pixels
having a value that meets a pre-defined threshold criteria, and that
are located in a sector of a circle defined to cover a portion of the
target digital image, wherein the sector is associated with the
element, wherein each pixel, located within the covering circle, that
has a value that meets the pre-defined threshold criteria is counted
in only one of the elements of the target radial histogram;

comparing, based on scale norming, the target radial histogram with the
initial radial histogram and each of a plurality of rotated radial
histograms, wherein the plurality of rotated radial histograms are
created based on the initial radial histogram;

determining which of the initial radial histogram and the rotated radial
histograms best match the target radial histogram; and

aligning the input digital image to the baseline pattern digital image based
on the identity of the best match.

12. The method of claim 11, wherein the scale norming is accomplished by
determining a minimum count of on pixels in the elements of the initial radial
histogram, determining a maximum count of on pixels in the elements of the initial

radial histogram, determining a minimum count of on pixels in the elements of the
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target radial histogram, and determining a maximum count of on pixels in the

elements of the target radial histogram.

13.  The method of claim 12, wherein the scale norming is accomplished by
determining a range of the initial radial histogram as a difference between the
maximum count and the minimum count of on pixels in the elements of the initial
radial histogram, determining a range of the target radial histogram as a
difference between the maximum count and the minimum count of on pixels in
the elements of the target radial histogram, and norming one of the values of the
elements of the target radial histogram based on a ratio of the range of the initial

radial histogram and the range of the target radial histogram.

14.  The method of claim 11, wherein each pixel located within the covering
circle that has a value that meets the pre-defined threshold criteria is counted in
only one of the elements of the initial radial histogram and further comprising:
creating a plurality of rotated radial histograms that are comprised of
element values assigned shifted values of the element values of the
initial radial histogram; and
determining that the best match satisfies a pre-defined alignment
threshold.

15.  The method of claim 11, wherein aligning the input digital image to the
baseline pattern digital image is further based on identifying a 2-dimensional

offset of the input digital image to the baseline pattern digital image.
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pixel, located within the covering circle, that has a value that meets the
pre-defined threshold criteria is counted in only one of the elements of
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