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FIG. 14

al image is disclosed. The system is configured to obtain a digital image
from data storage and perform pixel-by-pixel comparisons to generate per
pixel scores. The types of comparisons include discovering minima and
maxima per pixel scores by comparing to neighboring non-adjacent pixel
pairs, delta pair scores by comparing to neighboring pixels, and multiple
vector score types by comparing to vectors made up of individual pixels.
i This new information is applied to adjust each pixel's value. The system is
o further configured to generate a collection of such scores for a plurality of
pixels in a digital linage and to generate a multi-dimensional scored pixel
adjusted image. The scored pixel adjustment yields a new digital image,
wherein the value of a given pixel is adjusted based on one or more of the
score types.
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SCORING AND ADJUSTING PIXELS BASED ON NEIGHBORHOOD
RELATIONSHIPS FOR REVEALING DATA IN IMAGES

BACKGROUND

Field

[0001] This disclosure relates to image processing in general and image enhancement in

particular.

Background

{80021 Image processing is any form of signal processing for which the input is an image.
For example, the input image may be a photograph, video, video frame, or digitally
created image. The output of image processing may be another image, or parameters
related to the image that may characterize the image. Many image processing techniques
treat an image as a two-dimensional signal and apply signal-processing techniques to it.
Image processing is used in a wide variety of scientific, engineering, and medical
disciplines including photography, computer graphics, computer vision, photo analysis,
pattern recognition, fingerprint analysis, imagery, facial recognition, analysis of structural
and material damage and defects, and radar, as well as many others.

[0003] An important application of image processing is medical imaging. Medical
imaging has played an increasing role in the detection and diagnosis of disease and
medical anomalies over the past few decades. Imaging and image processing are used
routinely in the analysis of X-ray diagnostics, ultrasound, and in three-dimensional
visualization of computed tomography (CT), magnetic resonance imaging (MRI) data,
and the like. The current state of the art is the result of significant advances in nearly all
aspects of image processing including image segmentation, quantification, enhancement,
visualization, compression, and storage.

[0004] Image enhancement refers to techniques that are used to adjust an image,
including techniques to improve contrast and reduce noise. Image segmentation is used
to identify structures of interest in an image and to differentiate them. Techniques used in
image segmentation include thresholding, region growing, and pattern recognition, for
example. Quantification is applied to segmented structures to extract important

diagnostic information such as shape, size, texture, etc., of features in a medical image.
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Registration refers to the process of correctly registering (i.e., lining up) two images of
the same subject/target that are obtained by different modalities such as from a CT scan
and an MRI scan. Visualization refers to the use of specialized hardware and software to
visually inspect medical and biological data. Contrast enhancement commonly refers to
changing pixel values based on intensity curves.  Compression, storage, and
communication of medical images constitute a field for which there is increasing demand
due to the large volume of data that can be produced in modern diagnostic tests.

[0065] Current image enhancement techniques can be divided into two categories: (1)
spatial domain methods, and (2) frequency domain methods. Spatial domain methods
manipulate the pixel intensity values to achieve a desired enhancement. Frequency
domain methods usually involve performing a Fourier Transform on the image. Next,
image enhancement manipulations are carried out on the Fourier Transformed image.
Finally, an Inverse Fourier Transform is carried out to produce a final enhanced image.

[0006] Spatial domain image enhancement algorithms can be thought of as a transform s
= T(r) of one pixel intensity r in the raw image to yield a new pixel intensity s in the
enhanced image. In this context, the transform “T” is any function that transforms the
intensity of a given pixel from the value “r” to the value “s.” The range of possible
values for a grey-scale pixel is determined by the number of bits “k” used to represent the
intensity. The range of intensity values falls in the interval {0, (L-1)} where L = 2*. For
example, for an 8-bit image (i.c., k= 8), the range would be in the interval {0, 255%.
Color images can be represented by associating with each pixel a plurality of intensities
(e.g., three color intensities, one each for red, green, and blue). Other pixel intensity
representations are common in the field as would be apparent to a person of ordinary skill
in the relevant art.

[0007] When carrying out a transform in the spatial domain, it is often convenient to
normalize the intensity values r and s, to lie in the range {0, 1}. The transformation s =
log (1 + 1) is a simple example of a pixel intensity transform in the spatial domain.

[0008] There are no existing image enhancement algorithms that solve all of the technical
challenges faced by the field of medical imaging and diagnosis. There is therefore a need
for improved image enhancement techniques for medical anomaly and disease detection

and diagnosis.
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BRIEF SUMMARY OF THE INVENTION

[0009] A machine-implemented method is disclosed, for adjusting images to detect faint
anomalies or imperceptible details. The disclosed embodiments represent new techniques
for producing superior image enhancement through intelligent contrasting by one or more
ways of mathematically scoring the pixels in images and in turn adjusting their values
based on the calculated scores. The present invention is directed to discovering each
pixel’s neighborhood relationships and using those relationships adjust each pixel’s
value(s), thus revealing faint or hidden data contained in the image.

[0010] A machine-implemented system for generating a scored pixel adjustment of an
image is disclosed. The system includes a receiver module, a score generation module, a
pixel value adjustment module, an image adjustment module, and an output module. The
receiver module is configured to receive a digital image having a collection of pixels each
with a corresponding value. The score generation module is configured to determine at
least one of the following for each pixel: minima scores, maxima scores, delta pair scores,
and vector scores. The pixel value adjustment module is configured to adjust the values of
pixels based on the one or more score results. The image adjustment module is
configured to generate an adjusted image based on the adjusted pixel values. The output
module is configured to output (e.g., to display, store, or transmit) the adjusted image.

[0011] In a further embodiment, a computer readable storage medium having program
instructions stored thereon is disclosed. The program instructions, when executed by a
processor, cause the processor to generate a scored pixel adjustment of an image. The
program instructions cause a processor to receive a digital image having a collection of
pixels each with a corresponding value and to determine at least one of a minima score, a
maxima score, a delta pair score, and a vector score. The program instructions further
cause the processor to adjust the values of pixels based on the at least one determined
score and to generate corresponding adjusted pixel values. Further, the program
instructions cause the processor to generate an adjusted image based on the adjusted pixel
values; and output the adjusted image. In this context, outputting includes at least one of
displaying, printing, storing, transmitting, or sending the adjusted image.

[0012] Further features and advantages as well as the structure and operation of various
embodiments are described in detail below with reference to the accompanying drawings.

It is noted that the invention is not limited to the specific embodiments described herein.
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Such embodiments are presented herein for illustrative purposes only. Additional
embodiments will be apparent to persons skilled in the relevant art based on the teachings

contained herein.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0013] The patent or application file contains at least- one drawing executed in color.
Copies of this patent or patent application publication with color drawings will be
provided by the U.S. Patent and Trademark Office upon request and payment of the
necessary fee.

[0014] The accompanying drawings, which are incorporated herein and form a part of the
specification, illustrate the present invention and together with the written description
further serve to explain the principles of the invention and to enable a person skilled in
the relevant art to make and use the invention.

[0015] FIGs. 1A and 1B illustrate a raw X-ray image and the corresponding adjusted
image based on a scored pixel adjustment, according to an embodiment of the invention.

{80186} FIG. 1C illustrates an adjusted image based on maxima pixels detected from the
raw image of FIG. 1A, according to an embodiment of the invention.

[6017] FIG. 1D illustrates an adjusted image based on minima pixels detected from the

raw image of FIG. 1A, according to an embodiment of the invention.

[0018] FIGs. 2A and 2B illustrate a test pattern before and after adjustment, according to
an embodiment of the invention.

[0019] FIGs. 3A and 3B respectively represent a DNA bead image before and after image
adjustment, according to an embodiment of the invention.

[6020] FIGs 3C and 3D respectively represent a further example DNA bead image before
and after image adjustment, according to an embodiment of the invention.

[0021] FIG. 4A illustrates an original mammogram image.

[0022] FIGs 4B and 4C are adjusted images based on the image of FIG. 4A according to

embodiments of the invention.
[0023] FIGs. 4D and 4E respectively illustrate a chest X-ray image before and after

image adjustment, according to an embodiment of the invention.
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[0024] FIG. 5 illustrates pixel-level comparisons involved in defining minima and
maxima scores for generating an adjusted image, according to an embodiment of the
invention.

[0025] FIG. 6 illustrates pixel-level comparisons involved in generating delta pairs and
delta pair scores for generating an adjusted image, according to an embodiment of the
invention.

[0026} FIG. 7A illustrates a single vector of pixels used to define a vector value for
generating an adjusted image, according to an embodiment of the invention.

18027} FIG. 7B illustrates a collection of vectors used to define the vector values for
selecting a primary vector, according to an embodiment of the invention.

[0028] FIG. 7C illustrates “down sampling” — wherein blocks of 4 pixels are used to
define an effective pixel, according to an embodiment of the invention.

[0029] FIGs. 8A ~ 8E illustrate “jumping the gap” — wherein a pixel being compared to
the centroid pixel does not touch the centroid pixel and the pixels in between are ignored,
according to an embodiment of the invention.

[0030] FIG. 8F illustrates comparisons involving jumping the gap, in combination with
down sampling, according to an embodiment of the invention.

[0031] FIGs. 8G and 8H illustrate further example comparisons involving down
sampling, which could be used for defining pixel minima, maxima, delta pairs and vector
scoring, according to an embodiment of the invention.

[0032] FIGs. 8 — 8] illustrate pixel cluster combinations that could be used for defining
pixel minima, maxima, delta pairs and vector scoring, according to an embodiment of the
invention.

[0033] FIG. 8K illustrates a generalization of the concept of a vector. This line of pixels
can be used to make comparisons. In this case, the hatched pixels show how neighboring
pixels can be included in the pixel vector calculation.

[0034] FIG. 8L illustrates vector combinations to be used in the adjustment of pixels,
according to an embodiment of the invention.

[0035] FIG. 8M illustrates vectors at various angles not aligned with the regular eight
compass points, according to an embodiment of the invention.

[0036] FIG. 8N illustrates various vector lengths that can be used in combination for the

scoring and adjustment of centroid pixels, according to an embodiment of the invention.
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[0037] FIG. 80 illustrates extending the basic invention to 3-dimensions, in which the
centroid pixel (in gray) is surrounded by 26 nearest neighbors (called 1% neighbors),
according to an embodiment of the invention.

[0038] FIG. 8P illustrates a wide vector (the shaded area) that intersects more pixels than
a line vector, thus bringing more pixels’ values into the vector value computation,
according to an embodiment of the invention.

[0039] FIG. 8Q illustrates a wide vector with non-constant width in which the number of
pixels used in calculating the vector value is a function of the distance from the centroid
pixel, according to an embodiment of the invention.

[0040] FIG. 9 shows example weighting functions that can be used to compute weighted
average vector values, according to an embodiment of the invention.

[0041] FIGs. 10A — 10D illustrate ways in which pixel values may be adjusted based on
scores, showing a typical 50% adjustment factor, according to embodiments of the
invention.

[0042] FIG. 11 is a flow chart illustrating a method for generating a scored pixel
adjustment of a digital image, according to an embodiment of the invention.

[0043] FIG. 12 is a block diagram illustrating a computer implemented system for
generating a multi-scored pixel adjustment of a digital image, according to an
embodiment of the invention.

[0044] FIG. 13 is a block diagram of a processor based computing device in which
embodiments of the invention may be implemented.

[0045] FIG. 14 illustrates a system configured to generate a combined adjusted image and
one or more secondary images, according to an embodiment of the invention.

[0046] Embodiments are described below with reference to the accompanying drawings.
In the drawings, like reference numbers generally refer to identical or functionally similar
elements. Additionally, the leftmost digit(s) of a reference number generally identifies

the drawing in which the reference number first appears.

DETAILED DESCRIPTION OF THE INVENTION

RN 11

[0047] It is noted that reference in this specification to “one embodiment,” “an
embodiment,” “an example embodiment,” etc., indicate that the embodiment described

may include a particular feature, structure, or characteristic, but an embodiment may not
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{0056]

[0051]
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include the particular feature, structure, or characteristic, Moreover, such phrases are not
necessarily always referring to the same embodiment. Further, when a particular feature,
structure, or characteristic, is described in connection with an embodiment, it is submitted
that it 1s within the knowledge of one skilled in the art o affect such feature, structure, or
characteristic, in connection with other embodiments.

The present invention is directed to machines, systems, methods, and computer
readable storage media, for generating scoved pixel adjusted digital images (i.¢., enhanced
digital images). This new and novel invention is useful, for example, for detecting
medical anomalies, disease diagnoses, improved imagery, and to obtain new and
undiscovered nformation from existing images. Prior to a detailed discussion of
ernbodiments, a brief overview is provided followed by a set of definitions.

An embodiment of the present invention operates as follows. The system includes
pixel examination modules configured to identify corresponding minima pixels, maxima
pixels, delta pairs, and vector pixels of a digital image to be processed. One or more pixel
examination modules are selecied based on user input or default settings, for example.
Those selected muodules operate to assign a pixel-by-pixel score to pixels in the image.
Corresponding scores are then assigned based on the identified minima pixels, maxima
pixels, delta pairs, and vectors pixels. New pixel values {e.g., greyscale or color) are then
assigned based on the assigned scores. The new values are determined through
adjustment {or other algorithrus as explained in detail hevein). The new values are used to
generate one or more new images. The new images may then be combined, or combined
with the original image, to generate a new combined adiusted image to reveal faint or
imperceptible characteristics, data, and features from the original image. The new
corubined adjusted image may then be displayed, transmitted, stored, or the like
Refinement of the new combined adjusted image may then be carried out to further reveal

faint or imperceptible data and features from the original image.

Pefinitions

This section provides a set of definitions that will be will be used throughout the
remainder 1o this description.  The definitions are organized in a logical order that
parallels the presentation of topics in the following sections.

Digital Image: A numeric represeniagtion of a two {(or three) dimensional image.

In this description, a digital image refers to a raster image (also called a bitmap image).
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This raster image has a finite set of elements, called picture elements or pixels. A two-
dimensional digital image includes a fixed number of rows and columns of pixels. The
rows and columns of pixels form a regular grid that represents the image. Each array
element of that grid contains the intensity values of the associated pixel. A three-
dimensional digital image has rows, columns and sheets. For simplicity, descriptions of
the invention will be limited to two-dimensions unless otherwise noted.

160521 Digital Movie: A time sequence of digital images. Each image is commonly
referred to as a frame. This may also be thought of as digital image with an exfra
dimension. A movie of two-dimensional images would have three total dimensions; a
movie of three-dimensional digital images would have four. For simplicity, descriptions
of the invention will not be for movies, unless otherwise noted.

10053 Pixel: A pixel is the smallest individual element in an image, containing values
that represent the intensity (also called brightness) of each given color at any specific
point. Each pixel is most simply characterized by its location in the 2 dimensional plane
(denoted by Cartesian coordinates, angular coordinates, etc.) and one or more intensity
values. In a two dimensional digital image, a pixel represents a small square or rectangle
in the image. For example, an image produced by a 300 dots per inch scanner would have
pixels of 1/300™ of an inch by 1/300™ of an inch. In a three dimensional digital image, a
pixel represents a small cube or box. In a digital movie a pixel represents a square,
rectangle, cube or box in a frame. Each frame represents a time slice. The size of that time
slice is the time dimension of the pixel. For example, a movie with 60 frames per second
has pixels 1/60" of a second long in time.

{8054] Greyscale Image: A digital image in which each pixel contains a single value
representing intensity information. Images of this sort, also called “black and white,” are
composed exclusively of shades of gray, varying from black at the weakest intensity to
white at the strongest.

[{0055] Greyscale Pixel: The smallest individual element in a greyscale image.
Greyscale images are distinct from binary images in that while they only have a single
value representing intensity, that value can take on a variable range unlike a binary pixel

that takes on only two values (e.g., only 0 and 1).
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[0056] Color Image: A digital image that includes color information for each pixel. It is
normal to provide three colors (i.e., the intensity values for three colors) commonly red,
green and blue.

[0057] Color Pixel: The smallest individual element in a color image. Typically each
pixel is associated with three intensity values denoting the intensity of each of three
colors, which are interpreted as coordinates in some color space. The RGB (red, green,
blue) color space is commonly used in computer displays, but other spaces such as
YCbCr, HSV are used in other contexts.

[0058] Pixel Value: A numerical value representing an image’s intensity at the pixel’s
location. Greyscale images have a single value associated with each pixel and color
images have typically three values associated with each pixel. For example, pixel value in
an 8-bit image is typically stored as 8-bit integer (0 to 255). Thus, a color image would

be stored using 24 bits per pixel.

[0059] Centroid Pixel: The center reference pixel examined for scoring and value
adjustment.
[0060] Neighboring Pixels: A collection of pixels associated with a given pixel. For

example, in a rectangular grid of pixels, a pixel is normally surrounded by eight nearest
neighbor pixels (called 1% neighbors). Similarly, a pixel will normally have sixteen next-
nearest neighbors (2™ neighbors), twenty-four 3™ neighbors, etc. The exceptions are
pixels that are close to the edge of the picture and some of their neighbors would be
outside of the image and thus don’t exist.

[0061] Neighboring Non-Adjacent Pair: Two neighboring pixels (selected, for
example, from the eight 1* neighbors of a given pixel) that are not adjacent to one
another.

[0062] Pixel Set: A collection of pixels associated with a given pixel. The eight 1%
neighbors surrounding a pixel is an example of a pixel set. Likewise, the 2" neighbors of
a pixel constitute a pixel set. As a further example, a pixel set may be a collection of
pixels closest to an edge pixel. A line of pixels (also called a pixel vector) is yet a further
example of a pixel set. Sets can also be arbitrarily shaped clusters or curved vectors.

[0063] Pixel Cluster: Any defined pixel set used for scoring the centroid pixel. The

k19 %9 <C

terms “pixel set,” “pixel cluster,” “cluster,” etc. may be used interchangeably.
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{8064} Pixel Neighborhood: A region associated with a pixel that can be of a specific
geometric shape (e.g., square, rectangle, oval, circle, etc.). A pixel neighborhood can
encompass the eight 1% neighbors, the sixteen ond neighbors, an edge region, etc.

[0065] Pixel Comparison: Comparing the value of a given pixel with values of other
nearby pixels to determine various relationships. For simplicity of description, examples
are given assuming greyscale pixels that each have only a single value. As an example,
the value of a given pixel can be compared with one of its eight 1% neighbors to determine
if it is more or less than that of the neighbor. As a further example, the value of a given
pixel can be compared with one of eight of its sixteen 2™ neighbors o determine if it is
more or less than that of the 2™ neighbor (see FIG. 8E). As a further example, the value
of a given pixel can be compared with that of two other pixels to determine the relative
ordering of the three respective values. Although exarmples have only been given with
respect to greyscale pixels, many further comparisons can be made with other types of
pixels, particularly color pixels.

[8068] Minima Pixel: A pixel having a value that is lower than that of all of two {or
more} other non-adjacent neighboring pixels. As discussed above, the value being
examined can be the single value associated with grevscale pixel or one of the values (or
a function of all the values) associated with a color pixel.

{6867] Maxima Pixel: A pixel having value that is greater than that of all of two or more
other non-adjacent neighboring pixels. As discussed above, the value being examined can
be the single value associated with or greyscale pixel or one of the values (or a function
of all the values) associated with a color pixel.

{80681 Relationship Deltas: The difference in value between a centroid pixel and
another pixel {commonly an integer value based on the bit depth of the image).

{8069} Threshold: A real number, greater than or equal to zero, used to make
comparisons. For example, in making comparisons to determine delta pair pixels certain
embodimenis reguire the difference between the values of the pixels being examined to
be greater than a particular threshold.

{8670} Minima Score: A score associated with a centroid pixel that counts the number
of times it is a minima pixel. For example, a centroid pixel’s value can be compared with
those of pairs of non-adjacent pixels selected from the eight 1 neighbor pixels, There are

twenty such pairs of non-adjacent pixels leading to twenty comparisons. The minima
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score is thus how many times the centroid pixel won the comparison (was less than both
of the two non-adjacent pixels). There are many ways to define the minima score. For
example, the comparisons can involve pairs of pixels selected from the 16 2" neighbor
pixels. In further examples, pairs of pixels can be chosen from a more general pixel
neighborhood. The minima score can be defined with respect to comparisons involving
pixel sets having any number of pixels. In other embodiments, the minima score can
involve comparisons relative to a minima threshold as described below. In general, if
there are M comparisons used to define the minima score, the value of the minima score
lies in the range {0, M}.

[0071] Minima Threshold: A threshold associated with defining a minima score. When
a minima threshold is defined, the minima score counts the number of comparisons with
respect to which the pixel can be considered to be a minima pixel under the further
constraint that the value of the pixel being examined is lower than that of all the other
pixels used in the comparison by an amount that is greater than or equal to the minima
threshold. There can also be a minima threshold that acts as an upper limit, where if the
value of the pixel being examined is lower than all the other pixels used in the
comparison by more than the threshold, that comparison isn’t scored in a preferred
embodiment.

[0072] Maxima Score: A score associated with a centroid pixel that counts the number
of times it is a maxima pixel. For example, a centroid pixel’s value can be compared with
those of pairs of non-adjacent pixels selected from the eight 1% neighbor pixels. There are
twenty such pairs of non-adjacent pixels leading to twenty comparisons. The maxima
score is thus how many times the centroid pixel won the comparison (was more than both
of the two non-adjacent pixels). There are many ways to define the maxima score. For
example, the comparisons can involve pairs of pixels selected from the 16 2" neighbor
pixels. In further examples, pairs of pixels can be chosen from an arbitrary pixel
neighborhood. The maxima score can be defined with respect to comparisons involving
pixel set having 2, 3, 4 ... N pixels. In other embodiments, the maxima score can involve
comparisons relative to a maxima threshold as described below. In general, if there are M
comparisons used to define the maxima score, the value of the maxima score lies in the

range {0, M}.
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[0073] Maxima Threshold: A threshold associated with defining a maxima score. When
a maxima threshold is defined, the maxima score counts the number of comparisons with
respect to which the pixel can be considered to be a maxima pixel under the further
constrain that the value of the pixel being examined is higher than that of all the other
pixels used in the comparison by an amount that is greater than or equal to the maxima
threshold. There can also be a maxima threshold that acts as an upper limit, where if the
value of the pixel being examined is greater than all the other pixels used in the
comparison by more than the threshold, that comparison isn’t scored in a preferred
embodiment.

[0074] Delta Pair: Two pixels involved in comparisons to define a delta pair and its
score. The two pixels in a delta pair may be chosen in many ways. For example, one
pixel in a delta pair can be the centroid pixel being examined and a second pixel can be
chosen from one of the eight 1% neighbors surrounding the pixel being examined. In
another example, one pixel in a delta pair can be the pixel being examined and a second
pixel can be chosen from one of its sixteen 2" neighbors. In further examples, one pixel
in a delta pair can be the pixel being examined and the second pixel can be chosen from
one pixel in an arbitrary pixel neighborhood.

[0075] Delta Pair Threshold: A threshold used to define delta pairs. The delta pair
threshold may be a positive or a negative threshold.

[0076] Delta Pair Movement (spread difference calculation): The centroid pixel and
the pixel it is being compared to are not assigned delta pair status unless they have a
difference in value greater than or equal to the delta pair threshold. The delta pair
threshold may be positive or a negative threshold. The difference between the delta pair is
the value of the difference for the assigned delta pair. The delta change can take on both
negative (for negative delta pairs) and positive (for positive delta pairs) values. The delta
pair change defines the movement of separation of the centroid pixel and its defined delta
pair associated pixel is adjusted in value away from the assigned pixel.

[0077] Pixel Vector: For the purposes of this invention description, a pixel vector is a
line segment that runs through a number of pixels (i.e., a pixel set). A pixel vector is
characterized by the number of pixels in the set and the orientation of the set. In certain
embodiments, a pixel vector can also have an associated width that describes the extent of

the pixel vector in a direction perpendicular to the vector line segment. A pixel vector is
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associated with a centroid pixel at its end. In one embodiment, there are eight vectors per
centroid pixel (the eight compass points N, NE, E, SE, S, SW, W, and NW} with a
number of vector lengths assigned (for example, three pixels per vector). The eight
compass point vectors run exactly through the middle of pixels and thus can be simply
described as being, say, three pixels long. In an embodiment the length does not count the
centroid pixel.

[0078] In further embodiments, a pixel vector can be in any direction. Vectors not on
exact compass points tend to run through more pixels, cutting across some pixels near a
corner or a side (instead of running right through the middle), thus involving a larger
pixel set. The lengths of such vectors cannot be described simply as a pixel count but
need to use the traditional geometric definition of length. This length need not be an
integer. Whereas the simply defined compass point vectors (of, say, length 3 pixels) do
not all appear to be the same length (the diagonal ones look longer), vectors in the more
general case could have lengths that appear more consistent. Those lengths could still be
defined as pixels (though meaning multiples of the width or length of a pixel. However,
when the image is of a real object, it may be convenient to define the length of a pixel
vector in inches or centimeters. If the image is 3-D, there are 26 (3°-1) vectors that are
analogous to the 8 (3°-1) compass point vectors in 2-D (running only through the middle
of pixels). Those vectors can be simply described as having a length equal to the number
of pixels run through. However, just as with 2-D, there are an infinite number of other
possible directions, where the vectors would run through more pixels and not necessarily
right through the middle. The lengths of those vectors may be defined using traditional
geometry and may even be in real terms such as centimeters. Analogously, a 4-D image
has 80 (3*-1) vectors that run exclusively through the middle of pixels. These can have
lengths simply defined in terms of pixels. Vectors at odd angles can also be defined in
terms of pixels, using the regular geometric definition of length but relative to the width
(or other dimension) or a pixel. Time and distance are easily compatible when the
distances are expressed in light-years. However, in the context of the present invention,
since lengths of time are difficult to combine with spatial lengths, 4-D pixel vector
lengths cannot be expressed in real terms that are easy to communicate. Any pixel vector

can always be specified by enumerating the pixels in the vector using any convenient
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indexing system. For example, a pixel’s location can always be specified by giving it’s
coordinates in an appropriate coordinate system.

[0079] Vector Value: A value assigned to a pixel vector. Comparisons involving vector
values are useful in embodiments directed towards edge definition. A vector ends at the
centroid pixel, and has a predetermined length, and usually has a direction specified by
one of the compass directions N, NE, E, SE, S, SW, W, NW. For example, a vector
chosen to have the direction E with length “m” (a positive integer) contains m pixels. If
m = 3 the vector will consist of pixels located a positions X = 1, 2, 3 with the centroid
pixel located at X = 0. In the simplest case, a vector value is defined by taking the
average of the values of pixels 1, 2...m. However, the vector value may be computed
using a weighted average or the pixel values where the pixels in the pixel set are not
given equal weights.

[0080] Vector Score: A synonym for vector value.

[0081] Primary Vector: The “winning” vector. The vector whose value differs the most
from the centroid pixel’s value. In the simplest case, the values of each of the eight
compass point vectors are compared and the vector whose average value is most different
from the centroid pixel’s value (positive or negative) is defined to be the primary vector.

[0082] Vector Based Centroid Pixel Adjustment: Typically, the centroid pixel’s value
is adjusted to increase the difference between it and the primary vector’s value.

[0083] Pixel Score: The score used for pixel adjustment based on a comparison between
pixels or between a centroid pixel and a vector. Typically, minimas and maximas have

count scores, while delta pairs and vectors typically have value difference scores.

[0084] Scored Pixel: A pixel for which at least one pixel score has been defined.

[0085] Multi-Scored Pixel: A pixel for which more than one pixel score has been
defined.

[0086] Adjusted Image: A new image that is generated by selecting a number of pixels

from an existing image and adjusting the pixel values according to one or more scores.
{BOR7] Adjusted Pixel Value: A pixel value that has been adjusted according to one or

more scores defined herein. A pixel value can be adjusted in a number of ways depending

on the various scores that have been defined. For example, a pixel value can be adjusted

using a function of the input value of the pixel and one or more pixel scores.
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[0688] Minima Based Image: A new image that is generated from an existing image by
assigning each pixel a minima score and adjusting a number of those pixels’ values based
on their minima scores and given adjustment parameters.

[0089] Maxima Based Image: A new image that is generated from an existing image by
assigning each pixel a maxima score and adjusting a number of those pixels’ values based
on their maxima scores and given adjustment parameters.

[0090] Delta Pair Based Image: A new image that is generated by selecting a number of
pixels from an existing image and adjusting the pixel values according to delta pair
scores.

[0091] Vector Based Image: A new image that is generated by selecting a number of
pixels from an existing image and adjusting the pixel values according to vector scores.

[0092] Combined Adjusted Image: A new image that is generated by combining two or
more: minima based image(s) and/or maxima based image(s) and/or delta pair based
image(s) and/or vector based image(s) and/or the original image. The value of each pixel
in the combined adjusted image is a weighted average of the corresponding pixels in the
images being combined. For example, each pixel’s value in a combined adjusted image
might be 80 percent from one vector based image and 20 percent from a different vector
based image.

[0093] Difference Image: A new image that is generated by subtracting the values of the
adjusted image from the original image.

[0094] Comparison Image: A new image that is a side-by-side comparison of the
adjusted image and the original image.

[0095] Changed Pixel Image: A new image that shows those pixels that were adjusted.
As an example, all adjusted pixels could be white while all adjusted pixels could be black.

[0096} Secondary Image: A category of types of images comprised of difference
images, comparison images and adjusted pixel images.

[0097] Adjustment Function: A function used to adjust a pixel’s value. When integer

[1PR4)
T

bit values are normalized, an adjustment function can be chosen to take an input value

19}
S

given in the range {0, 1} and return a corresponding adjusted pixel value also lying in
the range {0, 1}. In general, the function can be specified using a general function “T”
as: s = T(r, ¢) wherein the parameter “c” is related to one or more scores defined herein.

In accordance with embodiments of the present invention, many adjustment functions use
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the score information “c.” In one embodiment, the adjustment function is a power
function. For example, the input value “r” can be transformed to the new value “s”
according to the function:
s=r+(1—r)xcPxf

where “p” is a user chosen exponent and “f” is a normalizing factor that depends on “p”
and the maximum value of “c.” In an example, “p” can be chosen to be any positive real
number. The factor “f” can be chosen so that the adjusted value “s” will lie within the
interval {0, 1}. This particular choice assumes that the input value “r” also lies within the
interval {0, 1}. For example, if the maximum value of the count “c” is “cmax” then the
normalizing factor is chosen to be: = 1/(cmax)P.

In another example embodiment, the adjustment function can be chosen to be:

. o 2 o
R ODD R e PN OF tf

[0098] It is to be appreciated that any reasonable function that depends on the score “c”
and transforms the variable “r” lying in the interval {0,1} into a new value “s” that also
lies in the interval {0,1} can be used. All such adjustment functions are considered to be
within the range of disclosed embodiments. In embodiments, “c” can be chosen to be one
of the scores (i.e., the minimum score, the maximum score, etc.)

[0099] Multi-Scored Pixel Adjustment: An adjusted pixel value that has been adjusted
using more than one score. A pixel value can be adjusted in a myriad of ways. For
example, a value can be first adjusted using one score to generate a first adjusted value.
The value can then be adjusted using a different score to generate a second adjusted
value. The two adjusted values can then be combined in multiple ways to generate a
multi-score pixel adjustment. For example the first and second adjusted values can be
added, subtracted, etc. Similarly, the parameter “c” discussed above with respect to the
adjustment function can be defined to be various sums and differences of the various
scores.

[0100] Pixel Adjustment Movement: The way in which maxima, minima, delta pair,
and vector pixel values are increased and decreased. When normalized the value of a
pixel is a real number in the range {0, 1}. The value “r” divides this range into two gaps,
the first being the range {0, r} and the second being {r, 1}. In general, pixel values are
adjusted by increasing the value of a maxima pixel and decreasing the value of a minima

pixel. The amount of increase or decrease is determined as a percentage of one of the
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ranges {0, r} or {r, 1}. For example, if the value of a maxima pixel happens to be 30%
then r = 0.3. If this value is to be adjusted by 50% of the range {0.3, 1.0} it will be
adjusted to be increased to the value s = 0.65. As another example, suppose a maxima
pixel has value r = 0.9 and it is adjusted by 50% of the range {0.9, 1.0} it will be
increased to the adjusted value s = 0.95. Similar adjustments are defined with respect to
minima pixels. For example, if a minima pixel has the value r = 0.3 and it is adjusted so
as to be decreased by 50% of the range {0, 0.3} is will be decreased to have the value of s
=0.15 -~ and so on.

[0101] Down Sampling: A process whereby a block of pixels is replaced by an average
effective pixel. For example, a given pixel along with its eight nearest neighbors forms a
block of nine pixels. This block of nine pixels can be averaged to yield an average
effective pixel.

[0102] Down Sampled Image: An image resulting from down sampling. For example,
an image can be divided into blocks of nine pixels. Then by the process of down
sampling, each block of nine pixels can be replaced by a single effective pixel have a
corresponding effective value given by the average of the starting nine respective values.
In an embodiment, all of the various pixel scores and vector scores can be defined for a
down sampled image.

[0103] Jumping the Gap: A process in which a pixel or group of pixels is compared
with another disjoint pixel or group of pixels. For example, if a given pixel is compared
with pixels chosen from the collection of sixteen 2™ neighbors but no comparisons are
made involving the eight 1% neighbors the process is said to involve “jumping the gap.”
The term jumping the gap in this case means the eight 1** neighbor pixels form a gap
between the pixel being examined and the sixteen 2" neighbors.

[0104] Disjoint Pixel Sets: Two or more sets of pixels that have no pixels in common
and do not touch — i.e., are separated by one or more pixels.

[0105] Noise Characterization Based on Scores: A process in which noise is
characterized and removed from images based on pixel scores. Various scores can be
used to characterize noise. For example it has been found that noisy pixels can have

scores that are higher or lower than average.
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[0106] Auxiliary score image: An auxiliary score image, is an image that is the result of
a minima, maxima, delta pairs, or vector scores determination. In other words, the result

of each score determination can be output as an image.

Examples of Scored Pixel Adjustments of Images

[0107] Various embodiments are disclosed for generating an enhanced image from a
digital image according to the present invention. An example image can be can be an
image generated by an X-ray, CT-scan, MRI, ultrasound, or other medical imaging
diagnostic procedure. While the disclosed embodiments relate to new image processing
techniques for early detection of medical anomalies and disease diagnoses, the present
invention is not limited to the medical field. The disclosed systems, methods, and
computer program products can be applied to enhance any digital image regardless of its
source, subject matter or function.

[0108] A digital image is a numeric representation of a two dimensional image such as a
photograph. In this description, a digital image refers to a raster image (also called a
bitmap image). This raster image has a finite set of digital values, called picture elements
or pixels. A digital image includes a fixed number of rows and columns of pixels. The
rows and columns of pixels form a regular grid that provides a numerical representation
of the image.

[0109] A digital image includes a collection of pixels each with a corresponding
intensity. A pixel is the smallest individual element in an image, containing values that
represent the brightness (also called intensity) of a given color at any specific point. Each
pixel is characterized by its location denoted by {X, Y} coordinates and one or more
intensity values. Greyscale images have a single intensity (i.e., single channel) associated
with each pixel and color images have typically three values (i.e., three channels)
associate with each pixel. An intensity value is typically stored in as an integer. For
example, each value can be stored as an eight bit integer. Thus a color pixel would be
associated with 24 bits per pixel. |

[0110] The disclosed embodiments are described as pertaining to greyscale images
having a single value associated with each pixel for simplicity of description. It should be
apparent to persons of ordinary skill in the art, however, that the disclosed embodiments

can be readily generalized to pertain to color images as well. Furthermore, the disclosed
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embodiments can also be further generalized to pertain to 3-D images, or even 4-D
images (including time). Thus, a pixel’s neighborhood may be considered to include
nearby pixels in all dimensions of space and time. This expands the invention to cover
things such as MRIs and movies. Such embodiments are thus considered to be within the
meaning and range of equivalents of the disclosed embodiments, based on the teaching
and guidance presented herein.

[0111] All types of color and value adjustments are possible. For example, a medium
brown colored pixel could be changed in greyscale amplitude to a light brown pixel or a
dark brown pixel (or any value in between) while retaining its color hue. This can be
accomplished using a lookup table, a dual pixel amplitude of greyscale value and color
assignment, or other techniques as would become apparent to a person having ordinary
skill in the art. A red pixel can be assigned a amplitude value anywhere from dark red to
the brightest red. In effect, a color retains its hue if the relative values of its color
components are maintained. In addition, colors can be changed by individually changing
the relative values of the color components as is known in the art.

[0112] The disclosed embodiments represent new diagnostic techniques that are distinct
from traditional medical imaging approaches. The power of the invention can be best
grasped by consideration of images that have been enhanced by various embodiments.
The following examples are provided to show the remarkable results of various
embodiments and set the stage for an in-depth discussion of detailed embodiments.

[0113] FIGs. 1A and 1B illustrate a raw X-ray image and corresponding adjusted image,
according to an embodiment of the invention. FIG. 1A is a raw X-ray image of a child’s
hand with a birth defect (six fingers on one hand). FIG. 1B illustrates a scored pixel
adjustment of the starting image. The adjusted image exhibits considerable enhancement
and was generated according to an embodiment of the present invention. Feature 102 in
FIG. 1B shows clear enhancement of the bone structure as compared to the raw image of
FIG. 1A.

[6114] FIG. 1C illustrates adjusted image based on maxima pixels detected from the raw
image of FIG. 1A, according to an embodiment of the invention. As discussed in detail in
the definitions section and elsewhere, the maxima scores used to generate the image of
FIG. 1C is only one of many pixel scores. Note that in this example, the flesh outline is

more pronounced that in the example of FIG. 1B.
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[0115] In another example, FIG. 1D illustrates a adjusted image based on minima pixels
detected from the raw image of FIG. 1A, according to an embodiment of the invention.
As will be discussed in greater detail below, the consideration of minima pixels is only
one of many ways to characterize and adjust an image. In this example, the adjusted
image does not appear quite as clear as, for example, the image based on maxima pixels
in FIG. 1C. When used to adjust other types of images, however, the situation may be
reversed and the minima pixels may contain more useful information. The disclosed
embodiments provide a wide range of ways to adjust an image. Much information can be
revealed by considering the many different ways to adjust an image. In certain
embodiments, it is also advantageous to combine the various adjustment techniques to
yield composite images, for example.

[0116] FIGs. 2A and 2B illustrate a test pattern before and after adjustment according to
an embodiment of the invention. The enhanced image of FIG. 2B is based on delta pair
scores detected from the raw image of FIG. 2A. The enhanced image of FIG. 2B shows
considerable enhancement over that of FIG. 2A.

[0117] FIGs. 3A and 3B respectively illustrate a raw DNA bead image before and after
image adjustment, respectively, according to an embodiment of the invention.
Considerable enhancement is shown in FIG. 3B. The images of FIGs. 3A and 3B are
shown slightly magnified in FiGs. 3C and 3D respectively. Image 3C contains an area
near the lower right corner that is darker than the rest of the image. Areas such as this
limit the density of DNA beads that can be seen on an image and are an example of the
resolution limit of the unenhanced image. FiG. 3D indicated that there is no such dark
area in the corresponding location in the lower right corner indicating that the resolution
limit has been increased. Thus, due to the image enhancement of FIG. 3D, more of the
image is usable and therefore the maximum density of DNA beads that can be seen is
increased. These results show that image enhancement based on disclosed embodiments
holds great promise for DNA analysis. FIGs 3B and 3D are based on minima and maxima
scores detected from the original images FIGs 3A and 3C

[0118] FIGs. 4A and 4B, 4C respectively illustrate a mammogram image before and after
image adjustment, according to an embodiment of the invention. FIG. 4A is a
conventional, albeit state of the art, image from a mammogram analysis system. It has

soft edges to the detail and is not clearly defined. FIG. 4B illustrates the same



WO 2013/142176 PCT/US2013/030709

221 -

mammogram image after processing according to an embodiment of the invention, which
highlights ducts, veins, and other details not previously recognizable using conventional
techniques. Thus, processing existing or new images according to embodiments of the
present invention can enable radiologists to diagnose medical anomalies differently. FIG
4B reformation (i.e., adjusted) image is based on vector scores detected from the original
image FIG 4A. Similarly, FIG. 4C illustrates the mammogram image after processing
according another embodiment of the invention, and shows vein outlines based on vector
scores as an auxiliary score image.

[0119] An auxiliary score image, is an image that is the result of a score determination,
for example as produced by any one of modules 1404(1), 1404(2), 1404(3) or 1404(4). In
other words, the result (not shown) of each determination module can be a output as an
image.

[0120] FIG. 4 is a conventional, albeit state of the art, X-ray image of the chest. FIG.
4E illustrates the same X-ray after processing according to an embodiment of the
invention and has more definition and clarity to the subject matter. This example
provides further evidence that the embodiments of the invention enable the viewing of
images in far more detail than the current state of the art. FIG 4E reformation image is
from the original image FIG 4D. Based on a different unique set of vector scores than
those used in FIGs 4A and 4B. These results illustrate yet another application of disclosed

embodiments to the analysis and diagnosis of medical images.

Discussion of Exemplary Embodiments

[0121] FIGs. 5 and 6 illustrate a collection of various pixel-level manipulations
associated with various disclosed embodiments. Each pixel is assumed to be associated
with a certain neighborhood, which is a region associated with a pixel that can be of a
specific geometric shape (e.g., square, rectangle, etc.). A pixel neighborhood can
encompass the eight 1* neighbors, the sixteen 2" neighbors, an edge region, etc.

[0122] The pixels in a given pixel neighborhood are called neighboring pixels. The
neighboring pixels are a collection of pixels associated with a given pixel. For example,
in a rectangular grid of pixels, a pixel is usually surrounded by eight 1* neighbor pixels.

In a second example, a pixel is usually surrounded by sixteen 2" neighbors. The
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exception is when a pixel is too close to the edge of an image and some of its neighbors
are outside the image and thus don’t exist.

A pixel neighborhood is an example of a pixel set. A pixel set is a collection of
pixels associated with a given pixel. The eight 1% neighbors surrounding a pixel, that is
sufficiently distant from an edge of an image, is an example of a pixel set. Likewise, the
sixteen 2™ neighbors surrounding a pixel, that is sufficiently distant from an edge of an
image, is a further example of a pixel set. As a further example, a pixel set may be a
collection of pixels closest to an edge pixel. A linear line of pixels (also called a pixel
vector) is yet a further example of a pixel set. Sets can also be arbitrarily shaped clusters.

In the examples of FIGs. 5 and 6, a given pixel 502 is considered to be the
centroid pixel surrounded by a collection of eight 1* neighbor pixels. Pixels 504 and 506,
for example, are 1% neighbors of pixel 502. Each square, containing 9-boxes, in FIG. 5
represents a central pixel (e.g., pixel 502) surrounded by eight 1% neighbors.

The following discussion relates to pixel comparisons in which the value of a
given pixel is compared with the values of other pixels to determine various relationships.
As an example, the value of a given pixel can be compared with one of its eight 1™
neighbors to determine if it is larger or smaller than that of the neighbor. As a further
example, the value of a given pixel can be compared with one of its sixteen 2™ neighbors
to determine if it is larger or smaller than that of the 2™ neighbor. As a further example,
the intensity of a given pixel can be compared with that of two other pixels to determine
the relative ordering of the three respective values. Although examples have only been
given with respect to greyscale pixels, many more comparisons can be made with color
pixels.

Each square containing 9 boxes in FIGS. 5 and 6 represents a possible pixel-level
comparison that can be carried out to compare the value of a given pixel with various
combinations of its neighbors. Boxes in group 508, for example, illustrate comparisons
between a centroid pixel (524) and two of its neighbors, 526 and 528. In all comparisons,
the centroid pixel being examined (e.g., 524) has a dark shading while the pixels to which
it is being compared (e.g., pixels 526 and 528) have a lighter shading. Pixels that are not
involved in a particular comparison (e.g., 530) are not shaded.

The various comparisons illustrated in FIGs. 5 and 6 can be divided into two

groups. FIG. 5 illustrates the first group 508 in which the centroid pixel is compared with
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two non-adjacent 1* neighbors, while in the second group 610 of FIG. 6, a given pixel is
compared only with a single neighbor. Comparisons involving pairs of pixels 508 are
involved with the determination of the minima score, and the maxima score. These are
defined as follows.

[0128] A minima pixel is a pixel whose value that is lower than those of two or more
other pixels. This minima calculation may be based on a threshold. That is, for a pixel to
be a minima it must not only have a value less than all the other pixels it is being
compared to but it must also meet the threshold requirement. As discussed above, the
value being examined can be the single value associated with greyscale pixel or one of
the values (or averaged values) associated with a color pixel.

[0129] A maxima pixel is a pixel whose value that is greater than those of two or more
other pixels. This maxima calculation may be based on a threshold. That is, for a pixel to
be a maxima it must not only have a value greater than all the other pixels it is being
compared to but it must also meet the threshold requirement. As discussed above, the
value being examined can be the single value associated with or greyscale pixel or one of
the values associated with a color pixel.

[0130] The four pixel comparisons in the group labeled 512 of FIG. 5 are similar to
comparisons used to compute traditional mathematical derivatives. In such comparisons,
a given pixel is compared with two of its neighbors in such a way that the pixel and its
two neighbors all lie along a line as seen, for example, with pixels 524, 526, and 528.
The scores computed in disclosed embodiments, however, are more general than those
found in the computation of traditional derivatives. For example, in group 514 a given
pixel is compared with two neighboring corners that are not along a line (as was the case
in group 512). Group 518 illustrates comparisons involving two neighboring edge pixels
that do not lie along a line (as was the case with 524, 526, and 528). Group 516 presents
a further collection of comparisons involving a pixel with one corner and one edge pixel.

[0131] The collection of twenty comparisons illustrated in group 508 of FIG. 5 can all be
applied to a pixel being examined to determine the minima score and the maxima score.
These are defined as follows.

[0132] A minima score is a score associated with a centroid pixel that counts the number
of comparisons for which the pixel is a minima pixel. For example, a pixel value can be

compared with that of a pair of non-adjacent pixels selected from the eight 1% neighbor
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pixels. There are twenty such pairs leading to twenty comparisons. The minima score is
thus an integer value that lies in the selected range {0, 20}. There are many ways to
define the minima score. For example, the comparisons can involve pairs of pixels
selected from the 16 2™ neighbor pixels. In further examples, pairs of pixels can be
chosen from an arbitrary pixel set. In addition, the minima score can be defined with
respect to comparisons involving pixel sets having 2, 3, 4, ... N pixels. In further
embodiments, the minima score can involve comparisons relative to a minima threshold
as described below. In general, if there are M comparisons used to define the minima
score, the value of the minima score lies in the range {0, M}.

18133} A minima threshold is a threshold associated with defining a minima score. When
a minima threshold is defined, the minima score counts the number of comparisons with
respect to which the pixel can be considered to be a minima pixel under the further
constraint that the value of the pixel being examined is lower than those of the two other
pixels used in the comparison by an amount that is greater than or equal to the minima
threshold.

[0134] A maxima score is a score associated with a centroid pixel that counts the number
of comparisons with respect for which the pixel is a maxima pixel. For example, a pixel
value can be compared with that of a pair of non-adjacent pixels selected from the eight
1™ neighbors. There are twenty such pairs leading to twenty comparisons. The maxima
score is thus an integer value that lies in the selective range {0, 20}. There are many
ways to define the maxima score. For example, the comparisons can involve pairs of
pixels selected from the 16 2™ neighbor pixels. In further examples, pairs of pixels can
be chosen from an arbitrary pixel set. In addition, the maxima score can be defined with
respect to comparisons involving pixel set having 2, 3, 4, ... N pixels. In further
embodiments, the maxima score can involve comparisons relative to a maxima threshold
as described below. In general, if there are M comparisons used to define the maxima
score, the value of the maxima score lies in the range {0, M}.

[0135] A maxima threshold is a threshold associated with defining a maxima score.
When a maxima threshold is defined, the maxima score counts the number of
comparisons with respect to which the pixel can be considered to be a maxima pixel

under the further constraint that the value of the pixel being examined is lower than those
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of the two other pixels used in the comparison by an amount that is greater than or equal
to the maxima threshold.

[0136] In alternative embodiments, various subsets of pair comparisons can be used,
rather than all pixel pairs. The range of possible scores depends on the number of
comparisons involved. In one example, the largest value of the maxima score would be
20 if the pixel being examined happened to be a local maximum in the traditional
mathematical sense. The smallest value of the maxima score value would be 0. Similar
statements apply to the minima score.

[0137] The comparisons of group 508 illustrated in FIG. 5 are a subset of the total
possible number of comparisons that can be made between a centroid pixel and pairs or
1** neighbors. In group 508, comparisons have only been considered involving pairs of
non-adjacent pixels. A non-adjacent pair is a pair of pixels selected from the neighbors of
a given pixel that are not adjacent to one another. The more general situation in which
adjacent and non-adjacent pairs are considered is discussed in the following.

[0138] In general a first pixel in a pair can be chosen from a possible of 8 locations. The
second pixel of a pair can then be chosen from the remaining 7 pixels to form a pair. In
this way, the complete set of pairs includes 7*8/2 = 28 possible pairs. Of the total 28
possible pairs, only the 20 pairs involving non-adjacent pixels are considered in group
508. This choice of considering only 20 pairs was made for simplicity of illustration in
FIG. 5. In various embodiments, all 28 possible comparisons can be used to generate the
minima score, the maxima score, etc. In such embodiments, the range of the maxima or
minima score would be 0 to 28.

[0139] The comparisons illustrated in group 610 of FIG. 6, involving comparison of a
pixel’s value with a single neighboring pixel, introduce new possibilities for defining
various scores. In group 620 a pixel’s value is compared with a single neighboring edge
pixel and in group 622 a pixel’s value is compared wif[h a single neighboring corner pixel.

[0140] The two pixels in each of the boxes in FIG. 6 are called delta pairs. The two
pixels in a delta pair may be chosen in many ways. For example, one pixel in a delta pair
can be the pixel being examined and a second pixel can be chosen from one of its eight 1™
neighbors. In another example, one pixel in a delta pair can be the pixel being examined
and a second pixel can be chosen from one of its sixteen 2" neighbors. In further

examples, one pixel in a delta pair can be the pixel being examined and the second pixel



WO 2013/142176 PCT/US2013/030709

T

can be chosen from one pixel in an arbitrary pixel neighborhood (discussed more fully in
relation to FIGs. 8 A — 8F below).

[0141] In comparisons involving delta pairs it is useful to distinguish between negative
delta pairs and positive delta pairs. A negative delta pair is a delta pair in which the
second pixel in the delta pair has a value that is less than that of the pixel being examined
by an amount that is greater than a threshold. A positive delta pair is a delta pair in which
the second pixel in the delta pair has a value that is greater than that of the pixel being
examined by an amount that is greater than a threshold.

{0143} Comparisons involving delta pairs are used to define delta pair scores. A negative
delta pair score is a score associated with a pixel being examined that counts the number
of associated negative delta pairs of which the pixel being examined is a part. A positive
delta pair score is a score associated with a pixel being examined that counts the number
of associated positive delta pairs of which the pixel being examined is a part.

[0143] FIG. 7A illustrates a vector of pixels that can be used to define various vector
based scores. A pixel vector is a line segment that runs through a number of pixels (i.e., a
pixel set). A pixel vector is characterized by the number of pixels in the linear set and the
orientation of the set. A pixel vector is associated with a centroid pixel. In one
embodiment, there are eight vectors per pixel (oriented along compass directions N, NE,
E, SE, S, SW, W, NW). Many other orientations are possible as well as curved vectors
(i.e., vectors including several linear segments that may have different orientations).

[0144] Comparisons involving vectors of pixels are useful in embodiments directed
towards edge detection. In an example, a vector can be defined to terminate at a centroid
pixel, have a predefined length, and to have a direction specified by one of the eight
compass points N, NE, E, SE, S, SW, W, NW. The vector illustrated in FIG. 7A is has
the compass direction NE. (Note that since the arrowhead points towards the centroid
pixel, the vector “points” in the opposite direction from how we label it. Our vector labels
refer to the side the vector is on, or the direction from the centroid pixel to the vector, not
the direction the vector points.) A vector value is, in a simple embodiment, defined by
taking the average of the value of pixels 1, 2,...m.

[0145] F1G. 7B illustrates a collection of vectors spanning the compass directions N, NE,
E, SE, S, SW, W, NW. A vector chosen to have the direction E (horizontal to the right)

in FIG. 7B with length m (a positive integer) contains m pixels. If m = 2 the vector will
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consist of the pixels located one and two pixels to the right of the centroid pixel being
examined.

8146} FIG. 7C illustrates down sampling. The four pixels in the center of FIG. 7C are
shaded. In some embodiments, i may be advantagecus to average over these four inner
most pixels to define an effective pixell In such an embodiment, the image would be
partitioned into blocks of pixels (like the four shaded pixels in FIG. 7C) that would be
averaged to determine elfective pixels. Similarly, blocks of 16 pixels {or 25, or 64, cic.)
could be averaged to define effective pixel. The notion of averaging various pixel sets can
be used to define all types of scores including minima scores, maxima scores, delta pair
scores, and vector scores. Numerous scores can be defined by comparison between
various effective pixels that have heen determined by averaging over blocks of pixels in
the same way that scores have been defined for individual pixels (this is discussed more
fully with respect to FIGs. 8G ~ 8H below).

8147} Fach such vector iHustrated in FIG. 7C has an associated vector value. The
primary vector is defined as the vector whose value is most different from that of the
ceniroid pixel. Consideration of vector based comparisons in general and primary vectors
in particular are usefil 1n embodiments directed towards edge detection.

{3148} FIGs. 8A — 8F illustrate “jumping the gap.” Jumping the gap refers to when a
pixel, or group of pixels, is compared with another disjoint pixel or group of pixels. For
example, if a given pixel is compared to pixels chosen from the sixteen surrounding o
neighbors, but no comparisons are made involving the 1% neighbors, the process is said to
jump the gap.

[0149] FIG. 8A illustrates a process in which a first pixel X is compared with a second
pixel Y. This is called juruping the gap because the pixel marked O is not considered in
the comparison. In this sense, a gap of one pixel 15 jumped.

[0150] FIG. 8B illustrates a process in which a first pixel X is compared with a second
pixel Y while a gap of two pixels is jumped. In general, any size gap can be jumped.

[0151] The pixels marked X and Y in FIGs. 8 A and 8B can be considered to be members
of delta pairs. Thus, all of the previous discussion of delta pairs and delta pair scores can
be extended over to include jumping the gap. Thus, all comparisons in FIG. 6 generalize

as illustrated in FIGs. 8A and 8B.
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[0152] Similarly, the comparisons shown in FIG. 5 (which are used to define minima
pixels, maxima pixels, minima scores, and maxima scores) can be generalized to include
jumping the gap as illustrated in FIGs. 8C and 8D.

[0153] FIG. 8C illustrates a pair of pixels, marked Y, that are to be compared with the
pixel being examined, marked X. The pixels that are ignored (jumped) in the comparison
are marked with an O.

[0154] FIG. 8D illustrates a similar situation in which a pair of pixels Y is defined
relative to a pixel being examined X. In this case the pairs jump a gap of two pixels. The
pixels that are ignored (jumped) in the comparison are marked with O’s.

[0155} The concept of jumping the gap is very general. For example, if a given pixel is
compared with pixels chosen from the collection of sixteen 2™ neighbors but no
coniparisons are made involving the eight 1* neighbors the process is said to jump the
gap. This situation is illustrated in FIG. 8E and FIG. 8F. The centroid pixel is marked
with an X and is the pixel being examined (i.e., the pixel for which a score is being
determined). The sixteen 2™ neighbors pixels are each marked with a Y. The eight 1%
neighbors (each marked with an O) represent a gap between the centroid pixel and the 2"
neighbors.

[0156] Many more comparisons can be defined involving down sampling and jumping
the gap. Such a situation is illustrated in 8F. Rather than the single centroid pixel of FIG.
8E, a set of four pixels (marked X) are examined. These four pixels can be averaged to
generate an effective pixel for comparison with another set of pixels (marked Y). The
four pixels marked Y can be averaged before the comparison is performed. In contrast
the individual pixels marked X can each be compared with the individual pixels marked
Y. This is an illustration of pixel comparisons in which one set of pixels can be compared
with another set either individually or in comparisons involving averaging. The notion of
jumping the gap is also illustrated in FIG. 8F by the set of pixels marked with O’s, which
are ignored in the comparison.

[0157] FIG. 8G illustrates a situation in which a pixel set 802 defines an effective pixel.
The values of the four pixels in the set 802 are averaged to define an effective centroid
pixel value. This effective pixel value can then be used to make comparisons with other

single pixel values, or to make comparisons with other effective pixel values obtained by
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similar averages over other pixel sets. This is down sampling the image for the sake of
minima, maxima, delta pair and vector comparisons.

[0158] FIG. 8H illustrates a situation in which a pixel set 804 is considered for defining
an effective pixel. In this example, the values of the sixteen pixels in the set 804 are
averaged to define an effective centroid pixel value. This effective pixel value can then
be used to make comparisons with other single pixel values, or to make comparisons with
other effective pixel values obtained by similar averages over other pixel sets.

[0159] FIG. 8I illustrates a situation in which a delta pair is defined with respect to a
single centroid pixel 806 and an effective pixel obtained by averaging over two other
pixels 808 and 809. In this example, the values of pixels 808 and 809 are averaged to
give the value of the effective pixel. The effective pixel is then considered to be the
second pixel in the delta pair. This example shows that the definition of a delta pair need
not be confined to a comparison involving just two single pixels. In this example, the
delta pair was defined to involve three pixels. By extension, delta pairs can be defined
with respect to any two pixel clusters. In such a situation, the values of pixels in the first
cluster are averaged to give a first effective pixel value. The values of the pixels in the
second cluster are then averaged to give a second effective pixel value. Then the two
effective pixels would be used to define the delta pair. As discussed above, the two pixel
clusters may be disjoint and the delta pair can involve jumping the gap.

[0160] FIG. 8] illustrates comparisons for defining a maxima or minima pixel wherein
various pixels are averaged to give effective pixels. In this case, the values of pixels 812
and 814 are averaged to give a first effective pixel value. Then pixels 816 and 818 are
averaged to give a second effective pixel value. These first and second effective pixel
values are compared with the single pixel 810 to define a maxima or minima score. In
this example, pixel 810 can be evaluated to be a maxima pixel or a minima pixel. This
example shows that the definition of minima scores and maxima scores need not be
limited to comparisons of three pixels. In this example, five pixels are involved in the
comparison. By extension, minima and maxima scores can be defined with respect to any
three pixel clusters. In such a situation, the values of pixels in the first cluster are
averaged to give a first effective centroid pixel value. The values of the pixels in the
second cluster are then averaged to give a second effective pixel value. Finally, the values

of the pixels in the third cluster are then averaged to give a third effective pixel value.
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Then the three effective pixels would be used to define minima scores and maxima
scores. As discussed above, the three pixel clusters may be disjoint and the comparison
can involve jumping the gap.

19161} FIG. 8K illustrates a generalization of the concept of a vector. The line of pixels
820 illustrates single pixels 822 that define a vector of pixels. This line of pixels can be
used to make comparisons. Such comparisons can include defining vector values,
primary vectors, etc. As discussed above, blocks of pixels can be used to define average
pixels. An additional situation is depicted in FIG. 8K in which single pixels such as 822
are considered along with neighboring pixels 824. The vector has effectively become
wider (more pixels are averaged together). As defined above, a pixel neighborhood can
be defined in a multitude of ways. In this case, the neighborhood of pixels along the line
820 is defined by pixels within the area subtended by lines 826 and 828 as indicated by
the hatched pixels in FIG. 8K of which pixel 824 is an example.

[0162] FIG. 8L illustrates a vector comparison involving the value of a centroid pixel (in
grey) and its value relative to the multiple vectors. In this embodiment one could
determine if the centroid pixel is part of an increasing or decreasing vector slope. In this
embodiment, the vectors are analyzed, compared to the centroid pixel and the centroid
pixel may be adjusted.

[0163] FIG. 8M line 830 illustrates vectors at various angles not aligned with the regular
eight compass points. Due to the odd angles, these vectors do not always run right
through the middle of pixels. The vector values would be computed using a weighted
average of the values for the pixels that the vector runs through. Any weighting function
is allowed. For example, a pixel’s weight in the averaging calculation could be
proportional to the length of the vector segment that overlaps the pixel. When vectors are
allowed that are not on the compass points, the length of the vector is more likely to be
defined in geometric terms rather than a simple pixel count. Figure 8% shows vectors that
are, to the eye, very close to the same length (unlike, say FIG. 7B). Using vectors that are
physically the same length (instead of simply having the same number of pixels) can be
useful in any embodiment but is more typical when odd angles are used.

[0164] FIG. 8N illustrates vector images of differing lengths being combined. In an

example, vectors of two, four, and six pixels can be combined. The images can be mixed
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in the percentage amounts desired. The advantage is that when different vector lengths
reveal different details, combining them can produce a single, highly useful image.

[0165] FIG. 80 illustrates extending the basic invention to 3-dimensions in this example
frames of a digital video image, multiple sequential images may be scored. Here, the
centroid pixel (in gray) at 832 on section 834 has 26 1% neighbors shown on section 836
below and section 838 above. The sections could relate to image frames in a digital
movie.

{3166} FIG. 8P illustrates another embodiment wherein the vector 840 is not a line, but is
wide so as to intersect more pixels. In this case, the pixel’s weight in the averaging
process could be proportional to the area of the intersection of the wide vector and the
pixel.

[0167] FIG. 8Q illustrates a wide vector 842 with non-constant width. Thus, the number
of pixels used in calculating the vector value is a function of the distance from the
centroid pixel. In the example pictured, the width of the line increases the farther it gets
away from the centroid pixel, thus increasing the number of pixels considered in the outer
regions. If this gives too much weight to the outer pixels, weighting, as described below
for FIG. 9, could be used to compensate.

[0168] FIG. 9 illustrates another embodiment of the invention, the method by which the
pixel values may be weighted (as in windows in FFT calculations) as a function of their
distance from the centroid pixel. A weighted calculation can be applied to the pixel value
averaging of each vector, for example, such that the middle range of pixels would have
more of an effect on the averaging process. The weighting types of curves may vary. FIG.
9 shows only four curves but there are an infinite number of possibilities. The weighting
curve need not be symmetric. For example, outer pixels may need more or less weight
than inner pixels. In particular, the weight given to pixels can taper off to zero at greater
distances from the centroid pixel. Thus, the vector does not end abruptly. Furthermore,
jumping the gap can be accomplished by having the weight be zero at some distances. In
combination with tapering and various vector angles, the gap would be more general —
not having abrupt boundaries. This weighting also provides the invention a way of
combining vector images. This allows for the enhanced image to have more and/or

different definition.
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[0169] A person of ordinary skill in the art will appreciate that a wide variety of
comparisons can be generated using combinations of the concepts introduced so far (pixel
comparisons, vector comparisons, averaging, jumping the gap, etc.). Likewise to each
such comparison one or more scores can be defined. Such scores can be assigned to
individual pixels, to sets of pixels, to vectors of pixels, etc. Therefore, all such
comparisons and corresponding scores are intended to be within the meaning and range of
equivalents of the disclosed embodiments, based on the teaching and guidance presented
herein.

16176 FIG. 10A and 10B illustrates how a centroid pixel value can be adjusted based on
one or more scores utilizing minimas and maximas to define the centroid pixel scores.
The vertical line in FIG. 10A illustrates the range {0, 1} of values that can be associated
with a pixel.

[0171] FIG. 10A illustrates the adjustment of minima pixels. In a first example the
centroid pixel with starting value of 0.2. Generally a pixel having a minima score will be
decreased. The decrease can be expressed as a percentage. The percentage decrease can
be chosen to be a function of the score. For example, suppose the 0.2 value is chosen to
be decreased by a factor of 0.5 times the interval {0.2, 0}, the new value will be 0.1 as
shown. In another example, a pixel has a value of 0.7 and has a certain minima score. If
in this example, the value is also to be decreased by a factor of 0.5 times the interval {0.7,
0} it will be decreased to 0.35, as shown. These examples assumed a 50% decrease. This
was an arbitrary choice. Any other percentage or change curve can also be chosen as
determined by various algorithms. In further examples, the value need not decrease and
may be increased by the same method. This would be the case for pixels with maxima
scores.

[0172] In FIG. 10B the centroid pixel value is increased. This illustrates how a centroid
pixel value can be adjusted based on one or more scores. The vertical line in FIG. 10B
illustrates the range {0, 1} of pixel values. In FIG. 10B the minimum value is 0 and the
maximum value is 1. FIG. 10B illustrates the adjustment of maxima pixels. In a first
example, the centroid pixel has a starting value of 0.3. Generally a pixel having a
maxima score will be increased. The increase can be expressed as a percentage. The
percentage increase can be a function of the score. For example, suppose the 0.3 pixel

value is chosen to be increased by a factor of 0.5 times the interval {0.3, 1}, the new
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vatue will be .65 — as indicated. In another example, a pixel has a value of 0.9 and has a
certain maxima score. It in this example, the value is also to be increased by a factor of
0.5 times the interval {8.9, 1} it will be increased to .95 as shown. These examples
assumed a 50% increase. Any other percentage or change curve can also be chosen as
determined by varipus algorithms,

[0173] FIG. 10C illustrates how a pixel’s value can be adjusted based on delia pairs. The
vertical line in FIG. 100 illustrates the range {0, 1} of values can be associated with a
pixel. Here, a percentage adjustment doesn’t represent the decrease in the difference
between the value to be adjusted and 1 or {; it represents the percentage that the delta o
the delta pair is increased. Instead of adjusting just one pixel’s value to reduce difference
between it and 0 or 1, both pixels’ values are adjusted to increase the difference between
them. Using a delta pair threshold example of 0.15 and an adjustment value of 50% the
lower pixel’s value will be reduced to 0.26 and the upper pixel’s value will be increased
to .48, increasing the difference from 0.15 to 0.22 — a 50% increase. Furthermore, a
threshold could be used. For example, to qualify for this type of adjustment, delta pairs
must have a difference of at least 0.15.

[0174] FIG. 10D illustrates how a centroid pixel value can be adjusted based on vectors.
The vertical line in FIG. 10D illustrates the range {0, 1} of values that can be associated
with a pixel. When the primary vector associated with a centroid pixel is determined then
the centroid pixel may be adjusted. In this example the pixel is increased 50%. From a
value of 0.3 to 0.65 increase.

[0175] An adjustment function is a function used to adjust a value. An adjustment
function can be chosen to take an input value “r” given in the range {0, 1} and return a
corresponding adjusted value “s” also lying in the range {0, 1}. In general the function
can be specified using a general function “T” as: s = T(r, ¢) wherein the parameter “c” is
related to one or more scores defined above. In accordance with embodiments of the
present invention, many adjustment functions can be constructed that can include the
score information “c.” In one embodiment, a power law function can be chosen. For

{4

example, the starting value “r” can be transformed to the new value

394
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according to the
function:
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where “p” is a user chosen exponent and “f” is a normalizing factor that depends on “p
and the maximum value of “c.” For example, “p” can be chosen to be any positive real
number. The factor “f” can be chosen so that the transformed value “s” will lie within the
interval {0,1}. This particular choice assumes that the input value “r” also lies within the
interval {0,1}. For example, if the maximum value of the count “c” is “cmax” then the
normalizing factor is chosen to be: f= 1/(cmax)’ .

[0176] In another example embodiment, the adjustment function can be:

S=r—r*c” & f.

[0177] Any function can be used. Al such adjustment functions are considered to be
within the range of disclosed embodiments. In embodiments, the paranteter “¢” can he
chosen to be one of the scores (i.e., the minimum score, the maximum score, etc.).

[0178] FIG. 11 is a flow chart illustrating a method for generating a scored pixel
adjustment of a digital image, according to an embodiment of the present invention. In
this method a digital image 1102 having a collection of pixels each with a corresponding
value is received 1104. The digital image may be received, for example, from local or
remote data storage or from an image capture device. Further, at least one of the
following operations 1106 for each of a plurality of pixels is performed: determining a
minima score, determining a maxima score, determining delta pair scores, and
determining vector scores. Next, the pixel values are adjusted 1108 based on the at least
one of: the minima score, the maxima score, one or more delta pair scores, and one or
more vector scores to generate corresponding adjusted pixel values. Next, an adjusted
image is generated 1110 based on the adjusted pixel values. Lastly, the adjusted image
1114 is output 1112. In this method, the obtaining, the determining, generating, and
outputting are performed by one or more machines. According to the present invention,
the outputting includes any one of displaying, printing, storing, or transmitting the
adjusted image (as discussed below with respect to FIG. 12).

[0179] FIG. 12 is a block diagram illustrating a computer-implemented system 1200 for
generating a scored pixel adjustment of a digital image, according to an embodiment of
the present invention.

[0180] The system 1200 includes a receiver module 1204, a score generation module

1206, a value adjustment module 1208, image adjustment module 1210, and an output
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module 1212. The output module may include, for example, a storage device 1214 and a
display device 1216. In addition, the system may include a mixing module 1218.

18181} Receiver module 1204 is configured to receive a digital image 1202 having a
collection of pixels each with a corresponding value. The image can be received from
data storage or from an image capture device. Score generation module 1206 is
configured to determine at least one of the following quantities for each of a plurality of
pixels: a minima score, a maxima score, one or more delta pair scores, and one or more
vector scores. Pixel value adjustment module 1208 is configured to adjust the value of the
plurality of pixels based on the one or more scores. Image adjustment module 1210 is
configured to generate an adjusted image based on the adjusted pixel values, and the
output module is configured to output the adjusted image. Multiple images may be
generated based on the various scores. Such multiple images can be combined with each
other and /or with the original input image using mixing module 1218. For example, four
images can be generated based on the minima score, the maxima score, a delta pair score,
and a vector score. A composite image can then be generated by mixing module 1218,
wherein the pixel scores in each of the adjusted images, along with the pixel scores in the
original image, is multiplied by a percentage. Thus, each pixel of the resultant image has
its value given by a weighted average of the values of the corresponding images being
combined.

[0182] FIG. 13 is an example machine 1300 in which embodiments of the present
invention or portions thereof may be implemented as program instructions in the form of
computer readable code. As an example, machine 1300 can be a processor based
computing device. Such a processor based computing device is also commonly referred
to as a computer.

[0183] Components or modules of the systems illustrated in FIG. 13 may be implemented
in one or more computer systems 1300 or other processing systems using hardware,
software, firmware, tangible computer readable media having instructions stored thereon,
or a combination thereof.

[0184] System 1300 may include one or more processors 1302, a GPU 1314, one or more
non-volatile storage media 1304, one or more memory devices 1306, a communications
infrastructure 1308, a display device 1310, and a communication interface 1312.

Processors 1302 may include any conventional or special-purpose processors including,
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but not limited to, digital signal processors (DSP), field-programmable gate arrays
(FPGA), and application specific integrated circuits (ASIC).

[0185] GPU 1314 (graphics processing unit) is a specialized processor that executes
instructions and programs selected for complex graphics and mathematical operations in
parallel.

[0186] Non-volatile storage 1304 may include one or more of a hard disk drive, flash
memory, and like devices that may store computer program instructions and data on
computer readable media. One or more non-volatile storage devices 1304 may be a
removable storage device.

[0187] Memory devices 1306 may include one or more volatile memory devices such as,
but not limited to, random access memory. Communications infrastructure 1308 may
include one or more device interconnect buses such as Ethernet, Peripheral Component
Interconnect (PCI) and the like.

[0188] Typically, computer instructions are executed by one or more processors 1302 and
can be stored in non-volatile storage media 1304 and memory devices 1306.

[0189] Display 1310 allows results of computer operations to be displayed to a user or an
application developer. This could be a screen or a printer or any other display device.

[0190] Communication interface 1312 allows software and data to be transferred between
computer system 1300 and external devices. Communication interface 1312 may include
a modem, a network interface (such as an Ethernet card), a communication port, a USB
slot and card, or the like. Software and data transferred via communication interface
1312 may be in the form of signals which may be electronic, electromagnetic, optical, or
other signals capable of being received by communication interface 1312. These signals
may be provided to communication interface 1312 via a communications path. The
communication path carries signals and may be implemented using wire or cable, fiber
optics, a phone line, a cellular phone link, an RF link, or other communications channels.
This includes putting a printed image or CD in an envelope and mailing it.

[0191] Embodiments can also be directed to computer program products comprising
program instructions in the form of software stored on any computer readable medium.
Such software when executed by one or more data processing devices causes said devices
to operate as described herein. Embodiments of the invention can employ any computer

readable medium. Examples of computer readable mediums include, but are not limited
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to, primary storage devices (e.g., any type of random access memory), secondary storage
devices (e.g., hard drives, floppy disks, USB’s, CD ROMs, ZIP disks, tapes, magnetic
storage devices, optical storage devices, MEMs, nanotechnological storage devices, etc.).

[0192] Typically, computer instructions are executed by one or more processors 1302 and
can be stored in a non-volatile storage medium 1304 or memory device 1306. Computer
instructions can be stored on system 1300 in a compiled file, an executable file, or a
shared library. Computer instructions can also be included in a routine, a subroutine, or
layers of a software stack that are manipulated by processors 1302.

[0193] FIG. 14 illustrates a system 1400 configured to generate a combined adjusted
image 1414 and one or more secondary images 1420. System 1400 is a generalization of
system 1200. Components or modules of the systems illustrated in FIG. 14 may be
implemented in one or more computer systems 1300 or other processing systems using
hardware, software, firmware, tangible computer readable media having instructions
siored thereon, or a combination thereof.

[0194] System 1400 contains modules 1404 for generating scores, modules 1406 for
adjusting values, and modules 1408 for generating adjusted images. Module 1404(1) is
configured to receive an original image 1402 if a control switch 1402(1) is turned on.
Module 1404(1) determines minima scores and the module output is the input to module
1406(1). Additionally, this output may be used to generate an auxiliary image (the
auxiliary image output is not shown). Module 1406(1) adjusts the values based on
minima scores generated by module 1404(1) and provides input to module 1408(1).
Module 1408(1) generates a minima based image. The minima based image is a new
image that is generated by selecting a plurality of pixels from the original image 1402 and
adjusting the pixel values according to minima scores.

[0195] Module 1404(2) is configured to receive an original image 1402 if a control
switch 1402(2) is turned on. Module 1404(2) determines maxima scores and the module
output is input to module 1406(2). Additionally, this output may be used to generate an
auxiliary image (the auxiliary image output is not shown). Module 1406(2) adjusts the
values based on maxima scores generated by module 1404(2) and provides input to
module 1408(2). Module 1408(2) generates a maxima based image. The maxima based
image is a new image that is generated by selecting a plurality of pixels from the original

image 1402 and adjusting the pixel values according to maxima scores.
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[0196] Module 1404(3) is configured to receive an original image 1402 if a control
switch 1402(3) is turned on. Module 1404(3) determines delta pair scores and the output
of module 1404(3) is provided as input to module 1406(3). Additionally, this output may
be used to generate an auxiliary image (the auxiliary image output is not shown). Module
1406(3) adjusts the values based on delta pair scores generated by module 1404(3) and
provides input to module 1408(3). Module 1408(3) generates a delta pair based image.
The delta pair based image is a new image that is generated by selecting a plurality of
pixels from the original image 1402 and adjusting the pixel values according to delta pair
scores.

[0197] Module 1404(4) is configured to receive an original image 1402 if a control
switch 1402(4) is turned on. Module 1404(4) determines vector based scores and the
output of module 1404(4) is provided as input to module 1406(4).- Additionally, this
output may be used to generate an auxiliary image (the auxiliary image output is not
shown). Module 1406(4) adjusts the values based on vector based scores generated by
module 1404(4) and provides input to module 1408(4). Module 1408(4) generates a
vector based image. The vector based image is a new image that is generated by selecting
a plurality of pixels from the original image 1402 and adjusting the pixel values according
to vector based scores.

[0198] Next module 1412 is configured to generate a combined adjusted image which is a
new image that is generated by combining two or more of a: minima based image, a
maxima based image, a delta pair based image, and a vector based image. The value of
each pixel of the combined adjusted image is assigned to be a fixed percentage of the
corresponding values of the two or more or a: minima based image, a maxima based
image, a delta pair based image, and a vector based image. In the combined adjusted
image, the minima based image is assigned a fixed percentage 1410(1), the maxima based
image is assigned a fixed percentage 1410(2), the delta pair based image is assigned a
fixed percentage 1410(3), and the vector based image is assigned a fixed percentage
1410(4). In generating the combined adjusted image, the sum of the percentages 1410(1)
+ 1410(2) + 1410(3) + 1410(4) = 100%. In addition, a corresponding percentage 1410(5)
of the original image may also be combined to gencrate the combined adjusted image. In
this case, the relative percentages would satisfy 1410(1) + 1410(2) + 1410(3) + 1410(4)
+1410(5) = 100%. The resulting combined adjusted image can then be provided as
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output 1414, The combined adjusted image can be output 1414 by displaying, storing, or
transmitting the combined adjusted image.

[0199] In addition to the adjusted images 1408 and combinations thereof discussed
above, the output image 1414 can take additional forms. For example, an image can be
generated directly from the pixel scores. For example, instead of adjusting the pixel value
of an image to generate a new image, the new image can have values given directly by the
scores. In addition, the input or output image 1414 can be a histogram image which is a
tabular and/or graphical representation of a digital image’s individual pixel value count,
as is known in the art.

[0200] In addition to outputting the combined adjusted image 1414, the combined
adjusted image can be provided as input to one or more of modules 1416(1), 1416(2), and
1416(3). Module 1416(1) is configured to generate a difference image which is a new
image that is generated by subtracting the values of the combined adjusted image from
the original image. Module 1416(2) is configured to generate a comparison image which
is a new image that is a side by side comparison of the adjusted image and the original
image. Module 1416(3) is configured to generate a mixed image, which is a new image
that is generated by combining the adjusted image with the original image. Each pixel’s
value in the mixed image is percentage weighted average of the corresponding values in
the adjusted image and the original image.

[0201] Next, the output of modules 1416(1), 1416(2), and 1416(3) is input to module
1418, which is configured to generate one or more secondary images. A secondary image
is any of the difference image, the comparison image, and the mixed image or any
combination thereof.

[0202] The resulting secondary image is output 1420. The secondary image can be
output by displaying, printing, storing or transmitting it.

[6203] Embodiments have been described above with the aid of functional building
blocks illustrating the implementation of specified functions and relationships thereof.
The boundaries of these functional building blocks have been defined herein for the
convenience of the description. Alternate boundaries can be defined so long as the
specified functions and relationships thereof are appropriately performed.

[0204] The foregoing description of the specific embodiments will so fully reveal the

general nature of the invention that others can, by applying knowledge within the skill of
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the art, readily adjust and/or adapt for various applications such specific embodiments,
without undue experimentation, without departing from the general concept of the present
invention. Therefore, such adaptations and adjustments are intended to be within the
meaning and range of the disclosed embodiments, based on the teaching and guidance
presented herein. It is to be understood that the phraseology or terminology herein is for
the purpose of description and not of limitation, such that the terminology or phraseology
of the present specification is to be interpreted by the skilled artisan in light of the
teachings and guidance.

[0205] The Sumimary and Abstract sections may not set forth all exemplary embodiments
of the present invention as contemplated by the inventor(s), and thus, are not intended to
limit the present invention and the claims in any way.

[0206] The breadth and scope of the present invention should not be limited by any of the
above-described exemplary embodiments, but should be defined only in accordance with

the following claims and their equivalents.
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WHAT IS CLAIMED IS:

A machine-implemented method, comprising:

receiving a digital image having a collection of pixels each with a corresponding

value;
processing each pixel as a centroid pixel surrounded by neighboring pixels;

performing at least one of the following operations for each of a plurality of

centroid pixels:
determining a minima score,
determining a maxima score,
determining a delta pair score, and
determining a vector score;

adjusting the value of each of the plurality of centroid pixels based on the

performed operations to generate corresponding adjusted centroid pixel values;

generating an adjusted digital image based on the adjusted centroid pixel values;

and
outputting the adjusted digital image,

wherein the receiving, the performing, the adjusting, the generating, and

the outputting are performed by one or more machines.

The method according to claim 1, wherein the minima score for each centroid pixel is
determined by examining the values of neighboring pixel non-adjacent pairs and counting
the number of pairs for which the values of each pixel in a given non-adjacent pair are
greater than the value of the respective centroid pixel by at least a threshold value that is

greater than or equal to zero.
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The method according to claim 1, wherein the maxima score for each centroid pixel is
determined by examining the values of neighboring pixel non-adjacent pairs and counting
the number of pairs for which the values of each pixel in a given non-adjacent pair are
less than the value of the respective centroid pixel by at least a threshold value that is

greater than or equal to zero.

The method according to claim 1, wherein the delta pairs are determined by comparing
the values of each centroid pixel to at least one selected from a group consisting of: a
neighboring pixel and a group of neighboring pixels whose value is equal to the average
of the values of the pixels in the group, and wherein if a difference is greater than a

threshold, then they are a delta pair with a delta pair score equal to that difference.
The method according to claim 1, further comprising:

associating a plurality of pixel vector line segments (vectors) with each centroid
pixel, wherein each vector runs in a direction through a number of neighboring

pixels associated with that centroid pixel and terminates at that centroid pixel;

determining a score for each vector (the vector score) for a pixel vector associated
with a particular centroid pixel by calculating at least one selected from a group

consisting of’
an average of the values for those pixels in the vector, and

a weighted average of the values of the pixels intersected by the vector,
wherein each pixel’s weight is at least one selected from a group

consisting of:
a function of the distance of the pixel from the centroid pixel,

a function of the length of the portion of the vector intersecting the
pixel, and

a function of the area of the portion of the vector intersecting the
pixel;

comparing the value of the centroid pixel to the scores of its associated vectors;

and
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adjusting the value of the centroid pixel based on at least one selected from a

group consisting of:

the score of a primary vector whose score is the most different from the

centroid pixel,
the score of any of other vector, and

any combination of vector scores.

6. The method according to claim 1, wherein the vectors associated with any given centroid

pixel are selected based on at least one selected from a group consisting of the following:
are restricted to the eight principle compass point directions;

are eight in number and are equally spaced in angle but not restricted to the

compass point directions;

are of a number other than eight and are equally spaced in angle;
are of any number and any angle spacing;

are all the same length in pixels;

are all the same length geometrically;

are of two or more different lengths in pixels;

are of two or more different lengths defined geometrically;

are of fixed width or of no width; and

are of varying width where the width is a function of the distance from the

centroid pixel.

7. The method according to claim 1, wherein at least one of the determining minima,
maxima, delta pairs, and vector scores comprises at least one selected from a group

consisting of jumping the gap of neighboring pixels and down sampling of pixels.
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8. The method according to claim 1, wherein the digital image comprises a grayscale image,

a color image, a 3-dimensional image, a movie, or a 3-dimensional movie.

9. The method according to claim 1, wherein the centroid pixel values are adjusted by a

percentage of the remaining range of pixel values.

10.  The method according to claim 1, further comprising outputting at least one selected from
a group consisting of a secondary image, a mixed secondary image, and an auxiliary score

image.
11. A machine-implemented image processing system, comprising:

a receiver module configured to receive a digital image having a collection of

pixels each with a corresponding value;

a score generation module configured to processes each pixel as a centroid pixel
surrounded by neighboring pixels and to perform at least one of the following

operations for each of a plurality of centroid pixels:
determining a minima score,
determining a maxima score,
determining a delta pair score, and
determining a vector score;

an adjustment module configured to adjust the value of each of the plurality of
centroid pixels based on the performed operations to generate corresponding

adjusted centroid pixel values;

an image generation module configured to generate an adjusted digital image

based on the adjusted centroid pixel values; and
an output module configured to output the adjusted digital image.

12. The system according to claim 11, wherein the score generation module is further

configured to determine the minima score for each centroid pixel by examining the values
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of neighboring pixel non-adjacent pairs and counting the number of pairs for which the
values of each pixel in a given non-adjacent pair are greater than the value of the

respective centroid pixel by at least a threshold value that is greater than or equal to zero.

The system according to claim 11, wherein the score generation module is further
contfigured {o determine the maxima score for cach centroid pixel by examining the
values of neighboring pixel non-adjacent pairs and counting the number of pairs for
which the values of each pixel in a given non-adjacent pair are less than the value of the

respective centroid pixel by at least a threshold value that is greater than or equal 0 zero.

The system according to claim 11, wherein the score generation module is further
configured to determine delta pairs and delta pair scores by comparing the values of each

centroid pixel to at least one selected from a group consisting of:

a neighboring pixel and a group of neighboring pixels whose value is equal to the
average of the values of the pixels in the group, and wherein if a difference is
greater than a threshold, then they are a delta pair with a delta pair score equal to

that difference.

The system according to claim 11, wherein the score generation module is further

configured to:

associate a plurality of pixel vector line segments (vectors) with each centroid pixel,
wherein each vector runs in a direction through a number of neighboring pixels associated

with that centroid pixel and terminates at that centroid pixel;

determine a score for each vector (the vector score) for a pixel vector associated with a

particular centroid by calculating at least one selected from a group consisting of:

an average of the values for those pixels in the vector, and

a weighted average of the values of the pixels intersected by the vector,
wherein each pixel’s weight is at least one selected from a group

consisting of:

a function of the distance of the pixel from the centroid pixel,
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a function of the length of the portion of the vector intersecting the

pixel, and

a function of the area of the portion of the vector intersecting the

pixel;

comparing the value of the centroid pixel to the scores of its associated vectors;

and

adjusting the value of the centroid pixel based on at least one selected from a

group consisting of:

the score of a primary vector whose score is the most different from the

centroid pixel,
the score of any of other vector, and
any combination of vector scores.

16.  The system according to claim 11, wherein the score generation module is further
configured to select vectors associated with any given centroid pixel based on at least one

selected from a group consisting of the following:
are restricted to the eight principle compass point directions;

are eight in number and are equally spaced in angle but not restricted to the

compass point directions;

are of a number other than eight and are equally spaced in angle;
are of any number and any angle spacing;

are all the same length in pixels;

are all the same length geometrically;

are of two or more different lengths in pixels;

are of two or more different lengths defined geometrically:



WO 2013/142176 PCT/US2013/030709

17.

18.

19.

20.

21.

-47 -
are of fixed width or of no width; and

are of varying width where the width is a function of the distance from the

centroid pixel.

The system according to claim 11, wherein the score generation module is further
configured to determine minima, maxima, delta pairs, and vector scores, by performing at
least one selected from a group consisting of jumping the gap of neighboring pixels and

down sampling of pixels.

The system according to claim 11, wherein the digital image is at least one selected from
a group consisting of a grayscale image, a color image, a 3-dimensional image, a movie,

and a 3-dimensional movie.

The system according to claim 11, wherein the adjustment module is configured to adjust

centroid pixel values by a percentage of the remaining range of pixel values.

The system according to claim 11, wherein the system is further configured to output at
least one selected from a group consisting of a secondary image, a mixed secondary

image, and an auxiliary score image.

A non-transitory computer readable storage medium having program instructions stored

thereon that, when executed by a processor, cause the processor to:

receive a digital image having a collection of pixels each with a corresponding

value;
process each pixel as a centroid pixel surrounded by neighboring pixels;

perform at least one of the following operations for each of a plurality of centroid

pixels:
determining a minima score,
determining a maxima score,

determining a delta pair score, and
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determining a vector score;

adjust the value of each of the plurality of centroid pixels based on the performed

operations to generate corresponding adjusted centroid pixel values;
generate an adjusted digital image based on the adjusted centroid pixel values; and
output the adjusted digital image,

wherein the receiving, the performing, the adjusting, the generating, and

the outputting are performed by one or more machines.

The computer readable storage medium of claim 21, wherein the program instructions

further comprise computer readable code that causes the processor to:

determine the minima score for each centroid pixel by examining the values of
neighboring pixel non-adjacent pairs and counting the number of pairs for which
the values of each pixel in a given non-adjacent pair are greater than the value of
the respective centroid pixel by at least a threshold value that is greater than or

equal to zero.

The computer readable storage medium of claim 21, wherein the program instructions

further comprise computer readable code that causes the processor to:

determine the maxima score for each centroid pixel by examining the values of
neighboring pixel non-adjacent pairs and counting the number of pairs for which
the values of each pixel in a given non-adjacent pair are less than the value of the
respective centroid pixel by at least a threshold value that is greater than or equal

to zero.

The computer readable storage medium of claim 21, wherein the program instructions
further comprise computer readable code that causes the processor to determine the delta
pairs by comparing the values of each centroid pixel to at least one selected from a group

consisting of:

a neighboring pixel and a group of neighboring pixels whose value is equal to the

average of the values of the pixels in the group, and wherein if a difference is
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greater than a threshold, then they are a delta pair with a delta pair score equal to

that difference.

The computer readable storage medium of claim 21, wherein the program instructions

further comprise computer readable code that causes the processor to:

associate a plurality of pixel vector line segments (vectors) with each centroid pixel,
wherein each vector runs in a direction through a number of neighboring pixels associated

with that centroid pixel and terminates at that centroid pixel;

determine a score for each vector (the vector score) for a pixel vector associated with a

particular centroid by calculating at least one selected from a group consisting of:

an average of the values for those pixels in the vector, and

a weighted average of the values of the pixels intersected by the vector,
wherein each pixel’s weight is at least one selected from a group
consisting of:

a function of the distance of the pixel from the centroid pixel,

a function of the length of the portion of the vector intersecting the
pixel, and

a function of the area of the portion of the vector intersecting the
pixel;

comparing the value of the centroid pixel to the scores of its associated vectors;

and

adjusting the value of the centroid pixel based on at least one selected from a

group consisting of:

the score of a primary vector whose score is the most different from the

centroid pixel,
the score of any of other vector, and

any combination of vector scores.
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The computer readable storage medium of claim 21, wherein the program instructions
further comprise computer readable code that causes the processor to select the vectors
associated with any given centroid pixel based on at least one selected from a group

consisting of the following:
are restricted to the eight principle compass point directions;

are eight in number and are equally spaced in angle but not restricted to the

compass point directions;

are of a number other than eight and are equally spaced in angle;
are of any number and any angle spacing;

are all the same length in pixels;

are all the same length geometrically;

are of two or more different lengths in pixels;

are of two or more different lengths defined geometrically;

are of fixed width or of no width; and

are of varying width where the width is a function of the distance from the

centroid pixel.

The computer readable storage medium of claim 21, wherein the program instructions
that comprise computer readable code that causes the processor to determine minima,
maxima, delta pairs, and vector scores, further comprise computer readable code that
causes the processor to perform at least one selected from a group consisting of jumping

the gap of neighboring pixels and down sampling of pixels.

The computer readable storage medium of claim 21, wherein the digital image is at least
one selected from a group consisting of a grayscale image, a color image, a 3-dimensional

image, a movie, and a 3-dimensional movie.
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The computer readable storage medium of claim 21, wherein the program jusiructions
further comprise computer readable code that causes the processor to adjust centroid pixel

values by a percentage of the remaining range of pixel values.

The computer readable storage medium of claim 21, wherein the program instructions
further comprise computer readable code that causes the processor to output at least one
selected from a group consisting of a secondary image, a mixed secondary image, and an

auxiliary score umage.



PCT/US2013/030709

WO 2013

1136

G. 1A

F



PCT/US2013/030709

WO 2013/142176

2136

FiG. 1B



PCT/US2013/030709

WO 2013/142176

3/36




WO 2013/142176 PCT/US2013/030709

4136

FIG. 1D



G. 2A

F



00000000000000000

6/36

T

R \\\\\“
N
g S

O i SRR
R

FiG. 28



WO 2013/142176

PCT/US2013/030709



WO 2013/142176 PCT/US2013/030709

836




WO 2013/142176 PCT/US2013/030709

9/36

FiG. 4A



WO 2013/142176 PCT/US2013/030709

10/36

FiG. 48



WO 2013/142176 PCT/US2013/030709




PCT/US2013/030709

WO 2013/142176

12/36

G. 4D

F



WO 2013/142176 PCT/US2013/030709

FiG. 4E



WO 2013/142176 PCT/US2013/030709

NN

35‘54

N
L

L | EES3E
N f Reee—— NN

N\




WO 2013/142176 PCT/US2013/030709

15/36

N

AN ~ G20

~ade




WO 2013/142176 PCT/US2013/030709

16/36

FIG. 7A



WO 2013/142176 PCT/US2013/030709

17136

FiG. 78



WO 2013/142176

18/36

FiG. 7C

PCT/US2013/030709



WO 2013/142176 PCT/US2013/030709

19/36

FiG. 8F



WO 2013/142176 PCT/US2013/030709

20/36

FIG. 8G

- 804




WO 2013/142176 PCT/US2013/030709

21/36

e 306

FlG. 81

812~—"1

y
B4~

FIG. 8)



WO 2013/142176 PCT/US2013/030709

22136
828
"\v/‘\\," \\_, If—-~8 20
824
\\Jr _____
S
% / P 822
B — /

FIG. 8K



WO 2013/142176 PCT/US2013/030709

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

777777777777777777777777

FiG. 8L



WO 2013/142176 PCT/US2013/030709

24/36

FiG. 8V



WO 2013/142176

25/36

|
,,,,,,,

,,,,,,,,,,,,,

FIG. 8N

PCT/US2013/030709



WO 2013/142176

PCT/US2013/030709
26/36
4838
ANy
832 ~ A 834
T
836

FIG. 80



WO 2013/142176

|
,,,,,,,

|
,,,,,,,

FlG. 8P
HHE

PCT/US2013/030709

~ 840

7 842



WO 2013/142176

Waighting
1

Weight given to the pix
vahues in the averaging
Process

28/36

PCT/US2013/030709

Examples of weighting curves
piven 1o the pixel positi

5
Centroid
Pixel

4

Distance from Centriod Pixel

2
Chater most
Pixel



WO 2013/142176

Scored Minima Pixel Value

New Pixel Value

Seored Minima Pixel Value

New Pixel Value

PCT/US2013/030709

29/36

1 {Nomalaized Pixel Bit Value), 8bit 2585

8.7¢
¥
£.35
\L( 6.26
0.18

§ (Nomalaived Pixel Bit Value), 8bit 255

36% Minima Pixel Change Fxample

FiG. 10A



WO 2013/142176 PCT/US2013/030709

30/36

1 {(Nomalaized Pivel Bit Value), 8bit 255

New Pixel Value $.95

/;\ §.94

Seored Maxima Pixel Value

New Pixel Value §.65

Scored Maxima Pixel Value $.36

§ (Nomalaized Pixel Bit Value), 8bit 258

50% Maxima Pixel Change Example

FiG. 10B



WO 2013/142176 PCT/US2013/030709

31/36

i (Nomalalzed Pixel Bif Valae}, 8bit 285

New Pixel Value $.48
Upper Delta Pair Pixel Valoe 8.45 /I\
Lower Delta Pair Pixel Value §.30

MNew Pixel Value §.26

é......

§ {(Nemalajzed Pixel 8it Value), 8bit 2558

309% Delta Pair Changes Example
$.15 Delia Pair Threshold

FiG. 10C



WO 2013/142176 PCT/US2013/030709

32/36

1 (Nomalaized Pixel Bit Value), 8bit 255

New Pixel Value $.63
A
Centroid Pixel Valoe $.36
Frimary Vector Average Pixel Value $.38

§ (Nomalaized Pixel Bit Value), 8bit 258

58% Vector Inerease Change Example

FiG. 10D



WO 2013/142176 PCT/US2013/030709

33/36

/ Digital image %/ 1102

A 4

1104
Receive digital image T

A 4

Determine minima scores | y— 1108
maxima scores, deita pair
SCOres, vector scores

A 4

1108
Adjust pixel values L

A 4

1110
Generate adjusied image "

v /(1112 I

Cuiput image 47/ Adjusted image /




WO 2013/142176

/

/

34/36

PCT/US2013/030709

Y

Digital image %/1202

Receiver module

f‘i 204

Y

Score generation module

Y

Fixel value
adjustment module

Y

Adjusted image
generation module

Y

A\

Mixing module

Storage Display

)\1214 >\1216

FiG. 12



WO 2013/142176

35/36

PCT/US2013/030709

Procassor-based compuling device 1300

Communications intevface
1313

GPU
1314

Processor

1302

Volatie Memory

Storags
1306

1308

{splay
1318

Memuory Storags

Mon-volatiie

1304

FiG. 13




WO 2013/142176

36/36

Digitat
Image

PCT/US2013/030709

141

1414

pixel values

della pair . Co
based on delis

—-  delia pair

sCOres pair Scores based image
Pl et
14?4(4) “éﬁ)ﬁ(ﬁi) 14(08(4)
I Adjust
Detarmine et ;”iit'e“ Genarate
! ol
veclor | T [ vestor
SCOres vec{‘:r :co*.ee based image
YO olAGCo

14/04(’;) 1406{1) 14(03(1)
. Adiust
Detarming o Generate
minima [ pirelvalies P minir:a
Is."".res based on ba*‘lecli image
(¢ . ol H
N minima scores
1404(2) ’;4/06(2‘,: 14;3(2)
A e
Determing ix:‘d Zﬁe Generate
. Xel valligs .
maxma | PRV >+ maxima
sCores based on basad image
. ol H
N maxima scores
> % Mixing >
Vs . 4 ;
r\JI4UL 1410(5) 1412
1404(3) ‘i?@ﬁ(&) 11;08(3)
N Adiust ~
Determine : Generate

Combined
adjusted
image

Cutput
fmage

1418(1)
c

Generate
differance
image

1418

Generate
COMParisen
image

£

7
]
9]

[$

ondary

7,

image

Generate
mixad
image

Output
imags

Changed
pixel
image

1416{4)

FIG.

14




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - claims
	Page 44 - claims
	Page 45 - claims
	Page 46 - claims
	Page 47 - claims
	Page 48 - claims
	Page 49 - claims
	Page 50 - claims
	Page 51 - claims
	Page 52 - claims
	Page 53 - claims
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings

